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ABSTRACT 
 
This research focuses on the development and evaluation of capacitive Micro-Electro-
Mechanical-Systems (MEMS) transducers for acoustic emission (AE) testing of materials 
and structures. The MEMS transducers consist of multiple resonant capacitive MEMS 
transducers in the frequency range of 100 kHz to 1MHz, located on a single 1 cm x 1 cm 
device. The MEMS transducers are manufactured using the commercial three-layer 
polysilicon surface micromachining process. Two generations of the MEMS transducers 
are developed. The results of tests of the first generation transducers lead to the 
development of the second generation transducers. 
 
A set of simple analytical models are used to estimate the electromechanical and 
mechanical characteristics of the MEMS transducers. The electromechanical 
characteristics of the MEMS transducers are determined using a capacitance meter and 
impedance analyzer. The mechanical characteristics of the MEMS transducers are tested 
using simulated AE sources. These tests verify the accuracy of the idealized behaviors of 
the MEMS transducers and simple analytical models experimentally.  
 
The AE tests with simulated acoustic emissions are performed on the first generation 
transducers in order to show the potential advantages of the MEMS transducers as 
compared to commercial AE transducers. The second generation transducers are 
evaluated with both simulated acoustic emission and real damage precipitated AE 
sources. In the real damage induced AE tests, four welded beam specimens are tested 
under four-point bending. The advantages of recording output signals of multiple 
transducers on a small area are shown. 
 
In general, excellent agreement exists between simple analytical models of the MEMS 
transducers and experimental results. As compared to other currently available 
approaches, the greater density of transducer placement that is provided with MEMS 
transducers permits redundant measurement at a point. Redundant measurement at a point 
increases the accuracy of AE evaluation and the estimate of arrival time, therefore the 
estimate of wave velocity. An algorithm that applies the cross correlation method to the 
output signals of the MEMS transducers successfully distinguishes noise signals from AE 
signals. This research is the first time that capacitive MEMS transducers are designed, 
fabricated, and used successfully to detect real acoustic emissions. 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1. MOTIVATION 
Acoustic emissions are transient stress waves generated by the rapid release of energy 
from localized sources within a material. The arrivals of the stress waves at the surface of 
the material create a mechanical disturbance which is detected by an acoustic emission 
transducer coupled to the surface of the material. The transducer converts the mechanical 
disturbance at the surface of the material, referred to as the input signal, into electrical 
signal, referred to as the output signal.  
 
Acoustic emission (AE) testing is used to evaluate the behavior of materials and 
structures, and in particular to identify active flaws, through the detection and evaluation 
of the output signals. The passive nature of AE testing requires clear output signals in 
order to properly identify the active flaws. Therefore, the detection scheme, especially the 
transducers, gains significance. Development of new AE transducers is an active area of 
research.  
 
Active flaws in civil structures typically are broadband with frequencies ranging from 
about 100 kHz to 1 MHz. Two types of transducers are used in AE testing: resonant 
transducers and broadband transducers. A resonant AE transducer is sensitive to a narrow 
frequency band usually centered to a design frequency and has high sensitivity because of 
the resonance. Resonant AE transducers are often designed in the frequency range of 150 
kHz to 300 kHz because of fast attenuation nature of higher frequencies. They are often 
used for hit-based AE testing. If the frequency of a resonant AE transducer used is not in 
the range of the frequency content of the input signal, the transducer may not detect the 
input signal.  
 
Broadband AE transducers, which typically have wide bandwidth up to 1 MHz, are often 
used for waveform based AE testing. These transducers often have less sensitivity as 
compared to resonant AE transducers because of the trade-off between a transducer’s 
bandwidth and sensitivity.  It is possible to filter their output signals using narrowband 
windows to separate different frequency signals. However, due to their sensitivity 
problems, resonant AE transducers are preferred over them to measure narrow frequency 
ranges. 
 
Micro-electro-mechanical-systems (MEMS) are a portfolio of techniques and processes 
used to design and manufacture miniature systems. In this research, the miniature systems 
created are AE transducers. The MEMS AE transducers may offer several advantages 
over current transducer technologies. For example, MEMS are miniature systems which 
may prevent the aperture problem associated with the relationship between the size of the 
transducer and the wavelength of the input signal. MEMS have the advantage of possible 
electronic integration of on-chip preamplifiers and antenna. Another advantage is the low 
cost of batch processes used to manufacture MEMS. MEMS are used as transducers for a 
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variety of purposes including pressure, acceleration, and mass flow, and to design a 
variety of devices such as fluid nozzles, inkjet print nozzles, etc. MEMS technology 
consists of a large collection of design and fabrication processes and many of its tools are 
similar to those of the integrated circuit (IC) industry.  
 
Significant other new capabilities can be achieved by developing MEMS AE transducers, 
including permanent bonding or embedment for superior coupling, greater density of 
transducer placement, and enabling a bundle of transducers on each device tuned to 
different frequencies. Additional advantages include capabilities for maintenance of 
signal histories and coordination between multiple transducers. This report addresses the 
development and application of new MEMS AE transducers which may add new 
capabilities to the evaluation of materials and structures through AE testing.  
 
1.2. OBJECTIVES AND SCOPE 
1.2.1. Objectives of the Research 
The objectives of this research are to: 
 
1. Develop capacitive MEMS transducers for AE testing of materials and structures. 
2. Develop new approaches for AE source localization and source characterization 
taking advantage of the unique characteristics of these transducers.  
 
1.2.2. Scope of the Research 
This research focuses on the applicability of capacitive MEMS transducers fabricated by 
the surface micromachining method to AE testing. MEMS transducers are fabricated 
using the commercial three-layer polysilicon surface micromachining process (MUMPs). 
The MUMPs is provided by MEMPSCAP, Inc., located in North Carolina.  
 
1.2.3. Summary of Approach 
The research comprises of performing five tasks: 
 
1. Perform a literature review on AE testing, MEMS technology, and the application of 
MEMS technology to fabricate capacitive transducers for ultrasonic testing. 
2. Design multiple resonant capacitive MEMS transducers on a single device for AE 
testing. 
3. Fabricate and characterize the MEMS transducers. 
4. Perform AE experiments with simulated AE sources and analyze the experimental 
results using AE analysis methods to explore the potential advantages of MEMS 
transducers as compared to conventional AE transducers. 
5. Perform AE experiments with real AE sources and analyze experimental results to 
present the advantages of the MEMS transducers as compared to conventional AE 
transducers. 
 
In this research, two generations of MEMS transducers were developed. The first 
generation transducers were designed, fabricated and characterized in 2002. Those 
transducers were found to work properly in a vacuum housing, but had insufficient 
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sensitivity for AE testing when operated in atmospheric pressure. This result was 
expected, and the research plan anticipated the subsequent development of a second-
generation design. The results of tests of the first generation transducers led to the 
development of the second generation transducers which were designed, fabricated and 
characterized in 2004. The AE tests with simulated AE sources (Task 4) were performed 
using the first generation transducers. Tasks 2 and 3 above were repeated for the second 
generation transducers after the completion of Task 4 for the first generation transducers.  
The second generation transducers were evaluated with both simulated and real damage 
precipitated AE sources.  
 
In this report, the first generation transducers and the second generation transducers are 
referred to as G1 and G2 transducers, respectively. 
 
This research is a collaborative study between the Civil and Environmental Engineering 
Department at Lehigh University, and Civil and Environmental Engineering and 
Electrical Engineering Departments at Carnegie Mellon University. 
 
Previous research at Carnegie Mellon University sought to develop capacitive ultrasonic 
MEMS transducers. This previous work formed the foundation for the current work to 
develop capacitive MEMS AE transducers. The main difference between ultrasonic 
transducers and AE transducers developed in the current work is the design frequency 
spectrum. Ultrasonic transducers require higher frequencies than AE transducers. 
Ultrasonic testing launches ultrasound into a test specimen and detects the reflection from 
internal flaws. The active nature of ultrasonic testing requires short pulses which can be 
produced by high frequencies. 
 
1.3. ORGANIZATION OF REPORT 
The remainder of the report is organized into eight chapters (Chapters 2-9). Chapter 2 
reviews literature pertinent to the subject of this research, including AE testing, AE 
transducers, the MEMS technique employed, and previous research to develop capacitive 
ultrasonic MEMS transducers.  Chapter 3 discusses the design, modeling and analyses of 
the G1 transducers. Design objectives of the G1 transducers are explained. Then, 
analytically computed static and dynamic characteristics of the transducers are presented. 
Chapter 4 describes the experimental characterization of the G1 transducers and 
compares experimental and analytical values. Chapter 5 discusses the waveform analyses 
methods using output signals of the G1 transducers subjected to two different AE 
simulation methods: steel ball impact and pencil lead break. Chapter 6 presents the 
design, modeling and analyses of the G2 transducers. The design objectives of the G2 
transducers are developed based upon the G1 transducers results. Chapter 7 describes 
experimental results on the characterization of the G2 transducers. The performance of 
the G2 transducers is compared with the G1 transducers. Chapter 8 discusses the 
evaluation of the G2 transducers for the detection of real acoustic emissions using four 
welded steel beam specimens tested under four-point bending. Finally, Chapter 9 presents 
a summary and the conclusions of the research and discusses directions for future studies. 
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1.4. SUMMARY OF FINDINGS 
As mentioned above, in this research, two generations (G1 and G2) of MEMS 
transducers were developed using the MUMPs. The MEMS transducers were located on 
a 1 cm x 1 cm device area, and each device consisted of multiple resonant capacitive 
MEMS transducers.  
 
The G1 transducers were designed, fabricated and characterized in 2002. The G1 
transducers included 18 independent resonant capacitive MEMS transducers on the 1 cm 
x 1 cm device area. Each transducer consisted of two layers of the MUMPs to form two 
parallel capacitive layers separated by air or vacuum. The capacitive layers were made of 
a standing microstructure layer and a freely moving microstructure layer. The dimensions 
of the freely moving microstructure layer controlled the resonant frequency of the 
transducer. The transduction principle was capacitance change provided by the relative 
displacement of two capacitive layers.  
 
Two different mechanical configurations of transducers, referred to as diaphragm and 
piston, were studied. The diaphragm transducers were made of plates in bending, and 
exhibited a single resonant frequency in the frequency range of 300 kHz-1 MHz. The 
piston transducers were made of mass-spring systems, and exhibited two resonant 
frequencies in the frequency range of 100 kHz-350 kHz. Those transducers were found to 
work properly in a vacuum housing, but exhibited insufficient sensitivity for AE testing 
when operated in atmospheric pressure. Squeeze film damping strongly affected the 
responses of the G1 transducers leading to fast damping of the responses and preventing 
them from operating in atmospheric pressure. 
 
The simulated AE experiments using the G1 transducers in a vacuum housing showed 
their potential advantages as compared to commercial AE transducers. It was shown that 
recording and comparing the output signals of multiple resonant capacitive transducers 
on a small area revealed the frequency content of the input signal and increased the 
accuracy of data analyses via redundant measurement.  In addition, it was shown that 
separating the arrival times of two resonant frequencies of the piston transducers using 
wavelet transform could increase the accuracy of source location of the AE testing in 
dispersive environments. 
 
The findings from the tests of the G1 transducers led to the development of the G2 
transducers. They were designed, fabricated and characterized in 2004. Achieving a 
transducer design that could operate in atmospheric pressure was the primary objective. 
To accomplish this, the issue of squeeze film damping had to be addressed. The squeeze 
film damping was reduced by reducing the spacing and hence increasing the number of 
etch holes on the freely moving microstructure layer. The G2 transducers included 7 
independent resonant capacitive MEMS transducers on the 1 cm x 1 cm device area. The 
mechanical configuration of the piston transducer was employed, and 6 piston 
transducers in the frequency range of 100-500 kHz were placed on the device. A 1 MHz 
transducer was also placed on the device to capture high frequency information. The 
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simulated AE experiments showed that the G2 transducers functioned properly in 
atmospheric pressure. 
 
The G2 transducers were used to detect real acoustic emissions in four welded beam 
specimens tested under four-point bending. The advantages of recording output signals of 
multiple resonant capacitive MEMS transducers on the 1 cm x 1 cm device area were 
shown. Those advantages included (i) the identification of the frequency content of the 
input signal by comparing the output signals of different frequency transducers in time 
domain, (ii) the possibility to discriminate noise signals from AE signals, and (iii) the 
advantage of the redundant measurement from a point for more accurate data analyses 
and wave velocity measurement. 
 
In the G2 transducers, a new transducer was introduced, referred to as hybrid transducer. 
The hybrid transducer had two freely moving microstructure layers on top of each other: 
one layer was made of a piston transducer, the other, of a diaphragm transducer. Using 
the hybrid transducer as a differential capacitor can further increase the sensitivity. This 
transducer has a potential usage as an AE transducer.  
 
1.5. NOTATION 
The following notation is used in this report. 
 
α  = a factor for delaying global minimum of Hinkley criterion 
µ  = air viscosity 
θ  = angle 
ω  = circular frequency 
δ  = negative trend of Hinkley criterion 
υ  = Poisson ratio 
τ  = time delay 
β  = torsional constant 
ψ  = wavelet function 
θ1  = angle between reference transducer-1 and transducer-2 
θ2  = angle between reference transducer-1 and transducer-3 
∆c   = deflection at node c with the rotation constraint 
εo  = the dielectric permittivity of atmospheric air 
∆t1  = arrival time differences of transducer-1 and transducer-2 
∆t2  = arrival time differences of transducer-1 and transducer-3 
A  = area overlap between top and bottom capacitive layers 
a  = scale variable 
ac  = equivalent circular radius of hexagon shape 
ad  = width of Poly2 layer 
as  = crack length 
Au  = area of a piston unit 
b  = time window width 
bh  = height of beam specimen 
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bi  = inner radius of cylinder 
bo  = outer radius of cylinder 
bs  = width of a spring element 
c  = damping of lumped-mass model 
C  = total capacitance 
C1  = coefficient of quadratic term of C(Vbias) equation 
CD  = the capacitance of differential capacitor 
CL  = the capacitance between Poly0 and Poly1 layers 
Co  = capacitance of two parallel layers 
Cp1  = parasitic capacitance between substrate and standing layer 
Cp2  = parasitic capacitance between substrate and freely moving layer 
CU  = the capacitance between Poly1 and Poly2 layers 
D1  = distance between reference transducer-1 and transducer-2 
D2  = distance between reference transducer-1 and transducer-3 
E  = modulus of elasticity  
e(t)  = energy distribution of signal 
f  = frequency 
F  = vertical concentrated load at node c of a spring element 
F(ω,b)  = Short-Time-Fourier-Transform (STFT) coefficient 
F(a s / bs) = configuration correction factor for stress intensity factor 
f(t)  = harmonic function 
fd1  = translational frequency of Poly1 layer of the hybrid transducer 
fd2  = rotational frequency of Poly1 layer of the hybrid transducer 
Fel  = electrostatic force 
fh  = frequency of the diaphragm transducer 
fhf  = frequency of the diaphragm transducer for the fixed boundary condition 
fhp = frequency of the diaphragm transducer for the pinned boundary 
condition 
Fimpact  = impact source-time function 
FL  = electrostatic force acting on Poly1 layer due to CL 
fm   = the resonant frequency of signal ym  
Fnet  = total electrostatic force acting on Poly1 layer 
fp1  = the first frequency of the piston transducer 
fp2  = the second frequency of the piston transducer 
FU  = electrostatic force acting on Poly1 layer due to CU 
fx  = frequency of signal yx  
fy   = frequency of signal yy 
Fψ(a,b) = wavelet coefficient 
g  = gap between two capacitive layers 
G  = torsional rigidity 
g1  = gap between Poly0 and Poly1 layers 
g2  = gap between Poly1 and Poly2 layers 
H  = drop height of impact 
h  = thickness of Poly1 layer 
hd  = thickness of Poly2 layer 
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hs  = thickness of a spring element 
i  = current flow across capacitive layers 
I  = moment of inertia 
K  = kinetic energy 
k  = stiffness of lumped-mass model 
k1  = inverse of ball mass 
Kc  = fracture toughness 
kc  = translational stiffness of node c 
Kd = coefficient for the first natural frequency of two parallel sides fixed 
diaphragm 
khf = stiffness of the lumped-mass model of the diaphragm transducer for the 
fixed boundary condition 
khp = stiffness of the lumped-mass model of the diaphragm transducer for the 
pinned boundary condition 
KI  = stress intensity factor 
kp1 = stiffness of the lumped-mass model of the piston transducer for the first 
frequency 
kp2 = stiffness of the lumped-mass model of the piston transducer for the 
second frequency 
ku  = translational stiffness of a piston unit 
kw  = wave number 
L  = trigger distance 
Lmd  = length of Poly1 layer of the hybrid transducer 
Lmh  = length of two parallel edges of diaphragm transducer 
Lmp  = mass length of a piston unit 
Ls1  = short length of L shaped spring element of a piston unit 
Ls2  = long length of L shaped spring element of a piston unit 
m  = mass of lumped-mass model 
mhf = mass of the lumped-mass model of the diaphragm transducer for the 
fixed boundary condition 
mhp = mass of the lumped-mass model of the diaphragm transducer for the 
pinned boundary condition 
mp1 = mass of the lumped-mass model of the piston transducer for the first 
frequency 
mp2 = mass of the lumped-mass model of the piston transducer for the second 
frequency 
Ms  = constant moment acting to the cross section of the beam 
mu  = mass of a diaphragm or piston unit 
n  = number of transducer units connected in parallel 
N  = total length of a signal 
Nd = a coefficient for the first natural frequency of two parallel sides fixed 
diaphragm 
p  = fluid pressure 
P  = potential energy 
Pmax  = maximum load capacity of the beam 
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q  = charge across capacitive layers 
Q  = quality factor 
qd  = uniformly distributed electrostatic load on Poly1 layer 
R  = distance between reference transducer-1 and AE source 
r1  = distance between transducer-2 and AE source 
r2  = distance between transducer-3 and AE source 
Rcon  = resistance between standing layer and coupling surface 
Rin  = input resistance of pre-amplifier or oscilloscope 
nm yy
R   = cross correlation coefficient of signals ym and yn  
21yy
R   = cross-correlation coefficient of signals y1 and y2 
S(t)  = source-time function 
Si  = energy of a signal with length i 
Si׀  = energy of a signal with length i with negative trend 
SN  = sum of total energy of a signal 
T  = initiation time of an AE event 
t  = time 
TN  = time at the end of the signal duration 
u(t)  = dynamic surface displacement 
V  = velocity 
V(t)  = electrical signal output of transducers 
V1  = velocity of the first frequency of the piston transducer 
V2  = velocity of the second frequency of the piston transducer 
VAC  = alternating current voltage 
Vbias  = bias voltage 
Vcollapse  = maximum voltage applied across capacitive layers for stable response 
VDC  = direct current voltage 
Vel(t)  = time varying voltage load 
vo  = velocity of a free fall 
Vout(t)  = electrical signal output of capacitive transducers 
VP  = P wave velocity  
Vph  = Phase velocity 
VS  = S wave velocity 
w  = signal window length 
W(t-b)  = windowing function 
x = relative displacement of freely moving and stationary microstructure 
layers 
xh  = horizontal distance of the Poly1 layer cross section 
Y  = admittance 
y  = mean value of time series 
y  = signal definition used in signal processing equations 
yA  = analytical form of signal y 
yH  = Hilbert transform of signal y 
YM  = mechanical admittance 
Z  = total impedance of a capacitance transducer 
z  = vertical elevation of Poly1 layer cross section 
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Z1 = height emanating from the source in the triangle formed by the source 
and transducers 1 and 2 
Z2 = height emanating from the source in the triangle formed by the source 
and transducers 1 and 3 
ZM  = mechanical impedance 
αm  = impact parameter 
∆t  = inverse of the sampling frequency 
λ  = wavelength 
ρ  = mass density 
σ  = stress 
τmx   = time delay between signals ym and yx  
τmy   = time delay between signals ym and yy  
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CHAPTER 2 
 
BACKGROUND 
 
2.1. INTRODUCTION 
This chapter presents background information pertinent to this study. Section 2.2 briefly 
describes acoustic emissions and AE testing. Conventional AE transducers are described, 
and limitations in their capabilities are explained. In addition, currently used AE signal 
analysis methods are reviewed, and the algorithms for AE source localization are 
discussed. Section 2.3 reviews MEMS technology. The micromachining technique used 
in this study is presented, and the particular commercial MEMS manufacturing method 
which is employed to manufacture the MEMS transducers in this study is explained. 
Section 2.4 reviews previous research to develop capacitive ultrasonic MEMS 
transducers. The equations presented in Section 2.4 are used to model the MEMS 
transducers developed in this study.  
 
2.2. ACOUSTIC EMISSION TESTING OF MATERIALS AND STRUCTURES 
Figure 2.1 presents an outline of the literature review that was performed on AE testing 
and highlights the topics addressed in each section. After defining acoustic emission and 
related terms, the basic instrumentation and the importance of the AE transducers are 
discussed. Then, the methods commonly used to analyze the waveforms recorded by a 
single AE transducer or multiple AE transducers are presented.  
 
2.2.1. Definition of Acoustic Emission 
The first observation of acoustic emission in metals was the audible emission produced 
by mechanical twinning of tin during plastic deformation. The first documented studies 
on acoustic emissions were carried out in the 1950s. Kaiser performed tensile tests of 
conventional engineering materials to determine what acoustic emissions are generated 
from within the specimens, the acoustic processes involved, the frequency levels found, 
and the relation between the stress-strain curve and the frequencies noted for various 
stresses to which specimens were subjected [1]. The potential use of acoustic emission 
was soon recognized. Currently, AE testing using acoustic emissions is used in many 
areas including nondestructive testing and evaluation of materials and structures, real-
time monitoring and failure analysis. 
 
There are various definitions of acoustic emission and related terms in the literature. The 
definitions of basic AE terms proposed by Acoustic Emission Working Group (AEWG) 
[2] are presented below: 
 
 Acoustic emission is a transient stress wave generated by the rapid release of energy 
from localized sources within a material. 
 Acoustic emission event is rapid physical change in a material that releases energy 
appearing as an acoustic emission. 
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 Burst emission is an individual emission event which has clearly observed waveform 
initiation and end. Crack opening in metals and fiber debonding in composites are two 
examples of burst emissions. 
 Continuous emission is a qualitative term applied to an acoustic emission if individual 
bursts are not discernable. Leakage and corrosion are two examples of continuous 
emissions. 
 Hit-based (qualitative) analysis is the evaluation of AE testing using parameters 
extracted from AE waveforms. The main parameters are maximum amplitude, AE 
count, duration, rise time and energy. Hit-based analysis is valid for burst emissions. 
 Waveform based (quantitative) analysis is the evaluation of AE testing using complete 
AE waveforms.  
 
2.2.2. Basic Instrumentation 
AE testing is a passive nondestructive testing method which means that the detection of a 
flaw source depends on energy emitted by that flaw source itself. Figure 2.2 is a 
schematic of AE testing and the basic instrumentation used in this testing method.  The 
radiation of elastic stress waves in a material occurs when a flaw initiates or propagates 
and leads to the initiation of a source-time function S(t). The stress waves propagating in 
the material (i.e., acoustic emissions) reach the surfaces of the material and lead to 
mechanical disturbance. There, the mechanical disturbance, for example, the dynamic 
surface displacement u(t), (i.e., input signal) is transformed into an electrical signal V(t) 
(i.e., output signal) by an AE transducer. As the dynamic surface displacement may have 
low energy content depending on the flaw source type, pre-amplification is often required 
before converting the analog electrical signal to a digital signal. The recorded AE signal 
is evaluated using several methods. As the dashed line in Figure 2.2 indicates, the signal 
evaluation locates and characterizes the flaw source as the propagating elastic stress 
waves carry information about the characteristics of the flaw source. The success of AE 
testing relies on the proper evaluation of recorded AE signal. 
 
In general, acoustic emissions from civil engineering materials are broadband energy 
sources spanning frequencies from 100 kHz to 1 MHz in the shape of pulse [3] and 
produce complex transient signals. The origin of acoustic emission is divided into 
macroscopic and microscopic origins. Macroscopic origin refers to circumstances where 
a relatively large (whether in volume or in surface) part of the test material is contributing 
to the AE event. Examples of macroscopic origin AE events include yielding, crack 
growth, corrosion for metals, fiber breakage and matrix debonding for composites. 
Microscopic origin refers to circumstances where the flaw source involves a small area or 
volume as compared to a macroscopic origin event. Examples of microscopic origin AE 
events include phase transformation, microcracks and dislocation.  Each macroscopic 
origin AE event is composed of several microscopic origin AE events. 
 
The frequency content and amplitude of acoustic emissions vary depending on the origin 
and type of flaw sources. For example, because the microscopic origin flaw sources 
involve a small area or volume as compared to macroscopic origin flaw sources, their 
source-time function amplitudes are relatively weak. Groot et al. showed the frequency 
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variation of different macroscopic origin flaw sources in composites [4]. They reported 
that matrix cracking initiates a source-time function with frequencies between 90 and 180 
kHz, and debonding initiates a source-time function with frequencies in the range of 240 
and 310 kHz.  
 
The variation of amplitude and frequency content of different flaw sources requires a 
sensitive AE transducer and different frequency AE transducer depending on the origin 
and type of flaw sources. If the sensitivity (relationship between output signal and input 
signal) and frequency bandwidth of an AE transducer are not sufficient, the detection 
probability of different flaw sources reduces. Therefore, the success of the method is 
highly dependent on the performance of the AE transducer. 
 
2.2.3. AE Transducers 
As explained above, the passive nature of AE testing requires a sensitive AE transducer. 
In addition, if an AE transducer is intended to be used in multiple applications, it can 
require a wide bandwidth. As noted above, the frequency contents of source-time 
functions vary depending on the origin and type of flaw sources.  
 
A transducer converts a signal from one form of energy to another using a transduction 
principle. The transduction principle is the modifier that transforms a mechanical 
disturbance into an electrical signal. A variety of transduction principles can be used to 
design AE transducers. In this section, conventional AE transducers are introduced. The 
issues related the acoustic coupling and calibration of the AE transducers are discussed.  
 
2.2.3.1. Piezoelectric AE transducers 
Most AE transducers use the transduction principle of piezoelectricity. The dynamic 
strain in the piezoelectric element caused by dynamic surface displacement u(t) produces 
an electrical signal V(t) correlated to u(t). A piezoelectric AE transducer can be designed 
as a resonant or a broadband AE transducer. A resonant transducer will respond to a 
narrow frequency band usually centered to a design frequency and has high sensitivity 
because of the resonance. A broadband transducer will respond to wide bandwidth with 
low sensitivity. 
 
Piezoelectric AE transducers are similar to acceleration transducers except that they do 
not need a mass, but rather a special backing and wear plate [5].  Figure 2.3 shows the 
basic construction of a conventional piezoelectric AE transducer. A wear plate protects 
the active element. The active element provides the conversion of dynamic surface 
displacement to an electrical signal. The backing is a damping block that absorbs incident 
energy. The type of active element and the size of the damping block establish the type of 
transducer as a resonant transducer or a broadband transducer. For example, crystal 
quartz is a low-loss piezoelectric material [6], which can be used to construct a resonant 
AE transducer.  
 
The design of a broadband AE transducer is achieved by keeping the damping of the 
transducer high. However, the fast damped response of the transducer reduces the 
  2-4
amplitude of the output signal as well. Therefore, creating a transducer design that has 
both a wide bandwidth and sufficient sensitivity is not easy. A larger surface area 
transducer is necessary to increase the sensitivity for a broadband transducer. On the 
other hand, the transducer surface area should be smaller than the smallest wavelength of 
the input signal. The wavelength is defined as the wave speed in the material divided by 
its frequency. If the frequency is high, the wavelength becomes small which requires a 
smaller surface area.  The relationship between the wavelength of the input signal and the 
transducer surface area is called the aperture effect. 
 
Proctor developed a piezoelectric transducer which consists of a conical active element 
and an extended backing as shown in Figure 2.4 [7]. A small transducer contact area, 
elimination of acoustical interference effects associated with certain geometries and 
redistribution of arrival times of reflected signals originated from various elements of the 
transducer were the guiding criteria in the design. The transducer, referred to in this 
report as the NIST transducer, is reported to have a wide bandwidth response that is flat 
up to a frequency of 1 MHz. Lee and Kuo modified the conical active element of this 
transducer with a miniature one using excimer laser technique [8]. Miniature conical 
transducer had an extended frequency range (because of smaller contact aperture size) 
and small overall size as compared to the NIST transducer. 
 
In current practice, most piezoelectric AE transducers are constructed with piezoelectric 
ceramics. Other materials have been evaluated as well. Or et al. showed polyvinylidene 
fluoride/trifluono ethylene (P(VDF-TrFE)) copolymer to be superior to piezoelectric 
ceramic [9]. Marin-Franch et al. tested PTCa/PEKK piezo-composites for surface 
mounting and embedding [10].         
 
Resonant and broadband AE transducers are commonly designed using piezoelectric 
transduction. While resonant transducers have good sensitivity, it is difficult to capture 
broadband nature of flaw sources. The frequency of conventional resonant AE 
transducers is often chosen in the range of 150 kHz-300 kHz. The NIST transducer has 
good sensitivity and bandwidth, but the application of the transducer to field tests may 
not be practical because of the size of the transducer and placement difficulty.  
 
2.2.3.2. Other AE transducers 
Other transduction principles for the designs of AE transducers include non-contact 
optical [6], fiber optic [11] and capacitive [12]. A non-contact optical transducer operates 
by transmitting light to the test surface and measuring the intensity of reflected light. The 
transducer can focus on a very small area; therefore the signal distortion due to the size of 
AE transducer is minimized. This type of AE transducer has been successfully used in the 
laboratory environment for quantitative AE analysis. On the other hand, the design and 
application of a non-contact optical transducer in the field is complex and expensive. A 
capacitive transducer studied by Breckenridge and Greenspan [12] has wide bandwidth 
and high sensitivity, but the configuration of the transducer complicates its use in 
multiple transducer applications.  
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2.2.3.3. Acoustic coupling of AE transducers 
The proper functioning of an AE transducer requires a good acoustic path from the test 
surface to the AE transducer. In tests reported in the literature, vacuum grease and oil are 
often used as the couplant material. Couplant thickness can adversely affect the 
sensitivity of an AE transducer. Hill and El-Dardiry theoretically examined the effect of 
couplant thickness on transducer sensitivity [13]. They showed that the lack of couplant 
thickness control might lead to high fluctuations in both sensitivity and frequency which 
distort the experiment result and make the reproducibility of the experiment difficult. 
Some conventional AE transducers have special hold-down magnet designs which 
provide normal force for good contact and minimize couplant thickness [1].  Colombo et 
al. compared various couplant materials considering various parameters: (a) providing 
good acoustic path; (b) ease of transducer removal; and (c) holding transducer on the 
surface during experiment [14]. While cyanoacrylate adhesive glue (i.e., superglue) is 
found to be the best couplant in terms of providing a good acoustic path, removing the 
transducer at the end of an experiment is difficult.  
 
2.2.3.4. Calibration of AE transducers 
Transducer calibration is essential for quantitative AE analysis and direct comparison of 
AE test results with previous studies. The calibration of an AE transducer means the 
measurement of output signal of the AE transducer for a given mechanical input. The 
mechanical input can be created by one of several means. These mechanical inputs are 
referred to as simulated acoustic emissions since they possess many characteristics of real 
acoustic emissions. The most common simulated AE method, developed by Hsu, is a 0.5 
mm pencil lead break on the test specimen [1]. When the lead breaks, the fracture energy 
displaces the broken lead tip further into the surface before the local displacement of the 
surface rebounds [15]. Figure 2.5 shows the representative source-time function 
generated by a pencil lead break. A pencil lead break has a broadband spectrum up to 1 
MHz. Other simulated AE methods include glass capillary fracture, the fracture of small 
SiC grains with a pestle [16], miniature small aperture pulse transducer [17], laser 
ultrasound [18] and ball impact [15].   
 
The absolute calibration of an AE transducer is to define the relationship between the 
output signal of the AE transducer and mechanical input.  If the absolute calibration is 
intended, a complete knowledge of the mechanical input exciting the AE transducer is 
required. NIST developed a calibration block, which provides the arrival of the acoustic 
wave directly without any reflections from boundaries, and uses glass capillary fracture 
as the simulated AE source. The details of the absolute calibration of AE transducers are 
given in ASTM 1106-86 [19].  
 
While the calibration of an AE transducer is done on a calibration block, the response of 
the AE transducer can change when it is mounted on a different test specimen because of 
a change in the acoustic coupling and reflections at boundaries. Evans et al. modified the 
NIST transducer in an attempt to create a self-calibrating AE transducer [20]. A second 
transducer was mounted to the top surface of the backing. It was assumed that waves that 
reached the top surface of the backing were related to the acoustic coupling of the 
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transducer. Transducer-to-structure coupling efficiency was measured. Hatano and Mori 
developed the reciprocity calibration method [21]. This method requires that the AE 
transducer can function both as an actuator and a detector.  
 
In addition to the absolute calibration of an AE transducer, it is important to verify that 
the AE transducer functions properly before an AE experiment is initiated. As the glass 
capillary fracture setup is relatively complicated and difficult to set it up to every test 
specimen, a pencil lead break is typically used to generate a simulated AE source to 
verify the proper functioning of the AE transducer.  
 
In this section, the source-time function and frequency amplitude spectrum of steel ball 
impact to a plane are presented using Hertz Impact Theory. This information is used in 
Chapter 5 when the MEMS transducers developed in this study are evaluated under a 
simulated acoustic emission provided by steel ball impact.  
 
The source-time function created by the impact of a ball on a plane surface is computed 
by the following equations [22] 
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In Equation 2.1, Fimpact is the force created by the impact, ov  is the velocity at free fall 
and equals gH2 , H is the drop height, t represents time, mα  is an impact parameter 
given in the Table 7 of Goldsmith’s book [22], and 1k  is the inverse of ball mass.  
 
Figure 2.6 shows the source-time functions and frequency amplitude spectra of the two 
different diameter steel balls as 0.96 cm and 0.32 cm. The drop height is 14.5 cm. Figure 
2.6a indicates that the amplitude and duration of the source-time function increase with 
the increase of the ball diameter. Figure 2.6b indicates that the frequency content of the 
source-time function increases with the decrease of the ball diameter. 
 
2.2.4. AE Analysis Methods 
In Section 2.2.1, AE analysis methods including hit-based and waveform based methods 
are described briefly. This section explains these methods in more detail and describes 
which method is suitable for which type of AE transducer. 
 
As explained earlier, an AE transducer converts the dynamic surface displacement to an 
output signal (i.e., voltage output). The output signal evaluation locates and characterizes 
the flaw source as the propagating elastic stress waves carry information about the 
characteristics of the flaw source. The original source-time function released by a flaw 
source S(t) can be modified by dispersion, attenuation and multiple reflections at 
structure boundaries before S(t) reaches the AE transducer. The nature of the AE 
transducer also modifies the dynamic surface displacement u(t) during the conversion of 
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u(t) to the output signal V(t). The evaluation of an output signal depends upon the 
characteristics of the AE transducer. 
 
2.2.4.1. Hit-based analysis 
The main parameters of hit-based analysis are maximum amplitude, AE count (the 
number of threshold crossings), duration (time between the first and last threshold 
crossings), rise time (time between the first threshold crossing and occurrence of 
maximum amplitude), energy (computed as the area beneath the output signal) [23]. 
Figure 2.7 shows these parameters on a resonant AE transducer output signal.  These 
parameters are most often correlated with load and displacement of the test specimen. 
The threshold represents the estimated signal level that separates AE signal from noise. If 
multiple transducers are placed on the test specimen, the arrival time differences of those 
transducers make source localization possible. The review of techniques for source 
localization is presented in Section 2.2.5. 
 
As conventional resonant AE transducers are sensitive to a narrowband frequency 
amplitude spectrum centered to a design frequency, the correlation between transducer 
output signals and flaw sources is mostly performed using hit-based analysis.  
 
2.2.4.2. Waveform based analysis 
Waveform based analysis can require recording the waveform of the output signal. The 
broadband AE transducer is preferred for waveform based analysis to capture all 
frequencies of an input signal. The output signal V(t) very closely follows the input signal 
depending on the output-input relationship of broadband AE transducer. The inverse 
calculations to flaw sources from broadband AE transducer output signals require 
complex analyses. Therefore, they are most often relevant for laboratory studies instead 
of field studies.  
 
Frequency domain analysis is used to extract information from an AE transducer output 
signal about the frequency content of a flaw source. The frequency domain analyses of 
the output signals were studied earlier by Pardee and Graham [16], Crostack [24] and 
Stephens and Pollock [3].  The transfer of a time domain signal to a frequency domain 
reveals the frequency content of the input signal. 
 
The studies were extended to 2-D Fourier Transform [25] which provides information 
about frequency arrivals of different wave modes. 2-D Fourier Transform extracts the 
frequency dependence of wave velocity in dispersive environments, for example plate-
like structures. Time-frequency (TF) analysis is currently used for evaluating the output 
signals at dispersive environments. As TF analysis is mostly applied to source 
localization, its details are presented in Section 2.2.5.  
 
The other method currently developed and applicable to the output signals of both 
resonant and broadband AE transducers is the wavelet transform. The wavelet transform 
provides an effective way to analyze an output signal by decomposing it into different 
wavelet levels. Each level represents one component of the decomposed output signal 
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within a certain frequency range [26]. The wavelet transform is also applicable during the 
signal post-processing as a signal de-noising method [27].  
 
2.2.4.3 Summary of the AE parameters and their interpretation 
Table 2.1 summarizes the main AE parameters and their relationships with flaw sources. 
Some of those parameters are used in Chapters 5 and 8 to evaluate the output signals of 
the MEMS transducers subjected to the simulated and real AE sources. 
 
2.2.5. Studies on AE Source Localization 
Source localization using the output signals of multiple AE transducers mounted on a test 
specimen is one of the important uses of AE testing. The identification of the flaw source 
location accurately is also crucial for possible quantitative analyses, such as flaw size, 
direction and type [28]. 
 
The source localization includes two steps. The first step is to determine signal arrival 
times. The second step is to quantify the source location spatially using signal arrival 
time differences of multiple transducers mounted on the test specimen. Several methods 
for determining arrival time and locating the source spatially reported in the literature are 
summarized below. 
 
2.2.5.1. Determining arrival time 
Threshold method 
The simplest method for determining arrival time is threshold method. In this method, the 
first time that an AE signal exceeds a specified threshold level is considered to be the 
arrival time. The method does not work well for low signal-to-noise ratio signals and 
multiple-phase (e.g., P-wave, S-wave etc.) arrivals. Maji and Shah proposed a method 
which computes the noise level using the first 700 sample points and then defines the 
threshold level of the corresponding signal [29]. Li et al. developed a digital signal 
processing algorithm which eliminates evenly distributed noise with three-level filtering, 
so that the signal-to-noise ratio is enhanced and the threshold method becomes more 
successful [30].   
 
Cross correlation method 
Grabec showed the application of cross correlation method for determining arrival times 
[31]. The cross correlation function for discrete and finite duration signals is 
   ∑
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τyyR is the cross correlation coefficient of two signals, y1 and y2, as a function 
of a time delay τ , N is the lengths of signals. In signal processing, the cross correlation 
function reveals the degree of similarity between two signals as a function of a time delay 
[32]. A distinct peak means that two signals are matched for that particular time delay. 
The cross correlation method is applicable to continuous and burst emissions. The method 
fails if multiple flaw sources are simultaneously active [33].  
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Akaike Information Criterion (AIC) and Hinkley criterion 
Kurz et al. examined the application of two algorithms used in seismology for 
determining arrival times of AE signals [34]. The first method is called Akaike 
Information Criterion (AIC) developed by Maeda and uses autoregressive analysis [35]. 
For a signal y of length N, the AIC value is defined as 
])],1[log[var()1(])],1[log[var()( NwwNwww TtytTtyttAIC +−−+=                  (2.3) 
where TN represents the time at the end of signal duration. The AIC picker defines the 
arrival time as the global minimum; therefore it is necessary to choose a time window 
with length w  that includes the initiation segment of the AE event. The sample variance, 
var, is defined as 
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where y is the mean value of y.  
 
The signal envelope for the time window of AIC can be computed using the analytic form 
of the signal [36]. The analytic form of a one sided real signal yA(t) is 
)()()( tjytyty HA +=                                                      (2.5) 
The imaginary part of an analytical signal equals the Hilbert transform of the real part of 
that signal. The Hilbert transform of a signal is another signal with different shape. The 
signal envelope, which represents the energy content of the signal, is 
       )()()( 22 tytyte H+=                                              (2.6) 
The time window of the signal which includes the highest energy of the complete signal 
can be identified. The other method for the determination of the signal envelope is the 
continuous wavelet transform [34]. The continuous wavelet transform requires choosing a 
particular frequency to determine the signal envelope. However, the signal envelope for a 
particular frequency identified by the continuous wavelet transform may lead to error if 
multiple frequency arrivals occur.  
 
The second method examined by Kutz et al. is the Hinkley Criterion which computes the 
partial energy iS of the signal computed by the cumulative summation of all samples of i 
of the time series signal )(ky  with a negative trend δ  
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The negative trend modifies the partial energy function in a way that the global minimum 
represents the arrival time of the signal. The trend is defined as 
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where N is the length of signal, NS  is the sum of the total energy of the signal. The 
coefficient α  helps to reduce a systemic delay of the global minimum of the modified 
signal and is in the range of 1 to 200. The chosen α  influences the result significantly 
which is a disadvantage of this method. The effect of α  should be examined on the 
global minimum reading before choosing its value. 
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Time-frequency (TF) analysis 
Time-frequency (TF) analysis of a signal is a method that extracts the time variation of 
each frequency component of a signal. There are several TF methods in the literature. 
Short Time Fourier Transform (STFT), Wagner-Ville Distribution (WVD) and Wavelet 
Transform (WT) are commonly used methods. STFT and WT are used in this study, so 
brief explanations of those methods are presented here. The details can be found in 
references [37, 38].  
 
STFT splits a signal into overlapping sections with a specified window. The Fourier 
transform of each section is computed to produce an estimate of the short-term frequency 
content of the windowed signal. The transform equation is  
∫+∞
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where y(t) is the signal in the time domain, W(t-b) is the windowing function, and b is a 
parameter characterizing time window width. As an example, STFT of a linear chirp 
whose frequency depends linearly on time is shown in Figure 2.8. Figure 2.8a shows the 
time history signal of a linear chirp with an arbitrary amplitude of ±1. Figure 2.8b shows 
TF image of the time history signal shown in Figure 2.8a using STFT. The horizontal axis 
represents time; the vertical axis represents frequency. The shade distribution represents 
the magnitude of Fourier transform given in Equation 2.9. If the magnitude of a frequency 
at a certain time is high compared to other frequencies, it is represented by darker shading 
compared to other frequencies. 
 
The plot of absolute values of ),( bF ω with respect to time and frequency represents the 
intensity distribution of each frequency with time. Because the windowing function is not 
a function of frequency, it is not possible to obtain a high resolution both in time and 
frequency domains. If sufficient resolution is satisfied in both time and frequency, each 
peak in the time-amplitude plot ),(( bFvst fω for a particular frequency fω  indicates 
the arrival time of that frequency. Therefore, the major advantage of TF analysis is the 
ability to analyze AE signals containing multiple propagating modes at different 
frequencies which cannot be determined in the time domain. 
 
The continuous wavelet transform (WT) of a signal y(t) is  
     ∫∞
∞−
Ψ
−Ψ= dt
a
btty
a
baF )()(1),(                                   (2.10) 
whereΨ represents the wavelet function, b is a time variable, and a is a scale variable. 
The difference between STFT and WT comes from the scale variable a. The scale 
variable makes it possible to change the window size for different frequencies so that the 
window is large for low frequencies while the window is small for high frequencies. This 
property of WT provides high resolutions in time and frequency (multi-resolution). 
Kishimoto et al. suggested using Gabor Wavelet for Ψ  as the Gabor Wavelet provides 
small windows in the time and frequency domains which augment the multi-resolution of 
the wavelet transform [37]. Gaul and Hurlebaus compared three TF methods and showed 
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the application of WT on a plate-like structure using the impact as the simulated AE 
source [38]. They determined the arrival times of particular frequencies using WT and 
identified the impact location. 
 
TF analysis has been successfully applied in various studies for determining arrival time 
and source location experiments in dispersive environments.  Holland et al. determined 
source-detector separation from one signal in a dispersive environment by determining 
arrival times of various plate modes from the TF images [39]. For this approach to be 
successful, the distance between the source and the detector should be sufficiently far 
apart in order to discriminate the arrivals of various wave modes in the TF images. Jeong 
and Jang showed the application of WT to composite laminate plates [40].  Gaul et al. 
showed the localization of a simulated AE source using WT [41]. They used non-contact 
laser interferometer and reached 2% accuracy for the source localization.   
 
Other methods 
Several other researchers have studied methods to determine the arrival times of AE 
signals. D’Attellis et al. examined the application of Kalman filter to enhance the arrival 
times of multiple wave modes [42]. Grosse et al. developed a software program similar to 
the localization of an earthquake hypocenter which considers signal energy and noise 
condition for defining a threshold level [28].  Ma et al. studied the application of 
threshold and cross correlation methods in order to determine the signal arrival times to 
the various levels of wavelet transforms [43].  
 
2.2.5.2. Localization methods 
As explained in Section 2.2.1, two types of acoustic emissions are burst emissions and 
continuous emissions. Here, the methods related to the localization of burst emissions are 
presented.  
 
Conventional triangularization method 
The conventional triangularization method can be applied to problems in one-dimensional 
(1D), two-dimensional (2D) or three-dimensional (3D) spaces. The method requires at 
least two transducers for 1D source location, three transducers for 2D source location, and 
four transducers for 3D source location. In all cases, the wave velocity must be known. 
Here, the method for 2D source location is summarized [1]. The applications of 
triangularization to 1D and 3D problems are similar.  
 
Figure 2.9 presents the triangularization method application to a 2D source location [1]. 
The location of transducer-1 is taken as the reference. Assuming that the wave velocity 
and arrival times of the transducers are known 
RrVt −=∆ 11                                                     (2.11) 
RrVt −=∆ 22                                                    (2.12) 
where 1t∆  is the arrival time difference of transducers 1 and 2, 2t∆  is the arrival time 
difference of transducers 1 and 3, 1r  is the distance between transducer-2 and the source, 
2r  is the distance between transducer-3 and the source, R  is the distance between 
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transducer-3 and the source, and V is the wave velocity. The equations for the distances 
for 1Z  and 2Z  indicated in Figure 2.9 are 
         )sin( 11 θθ −= RZ       (2.13) 
         )sin( 22 θθ −= RZ       (2.14) 
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Substituting Equations 2.11 and 2.13 into Equation 2.15, and Equations 2.12 and 2.14 
into Equation 2.16 yields the following equations 
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Solving Equations 2.17 and 2.18 iteratively gives the source location in 2D.  
 
The following assumptions are made for the triangularization method: 
 
1. The same wave mode arrives to all transducers, and the medium is isotropic so that 
wave velocity is constant for all directions. 
2. The wave velocity is known. 
3. The source to transducer path is straight. 
4. The acoustic emission originated from a point source. 
5. The medium is assumed to be non-dispersive. 
 
Errors in the conventional triangularization method can be classified as the following [1]: 
 
1. Two hyperbola equations presented in Equations 2.17 and 2.18 may intersect at two 
points if the source is too close to one of the transducers. The error can be prevented 
by placing the transducers sufficiently away from potential source areas, or by using a 
fourth transducer. 
2. If the AE source is weak, or if the sensitivity of a transducer is insufficient, 
determining arrival time accurately is not possible. The error in arrival time causes 
error in the source location result. 
3. If the specimen is dispersive, using arrival times of different frequency transducers 
leads to error because of frequency dependence of the wave velocity.  
4. If the material is anisotropic, the wave velocity is direction dependent.  
 
Several reported studies in the literature have sought ways to reduce the error in source 
localization. Using an increased number of transducers helps to eliminate the problem of 
the double intersection of hyperbolas. When redundant equations about the arrival times 
are available for the source localization, Newton least square (NLS) algorithm is used to 
solve the equations. NLS can have problems if arrival times are not determined 
accurately. Collins and Belchamber showed the application of simplex optimization 
compared to NLS successfully even if there is no accurate arrival time reading [44]. 
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Simplex optimization sequentially optimizes multivariate experiment results with 
minimizing the error. Li and Shah studied the error minimization to P-wave arrival time 
readings in order to increase the location accuracy [45]. As mentioned above, TF 
analyses in the dispersive environments are also used to localize the AE sources. 
 
Intelligent AE source locator 
Kosel et al. developed an intelligent AE source locator comparable to the conventional 
triangularization method [46]. The intelligent locator substitutes the information obtained 
by the analysis of the ray trajectories used in the conventional triangularization method by 
the information obtained directly from simulated acoustic emissions on the test specimen. 
The intelligent AE source locator uses general regression neural network.  
 
2.3. MICRO-ELECTRO-MECHANICAL-SYSTEMS (MEMS) TECHNOLOGY 
MEMS are a portfolio of techniques and processes to design and create miniature 
systems. The description of micromachining given by Maluf [47] is 
 
“Micromachining is the set of design and fabrication tools that precisely machine 
and form structures and elements at a scale well below the limits of our human 
perceptive faculties…It is the toolbox of MEMS.”  
 
There are three micromachining methods currently used [47]: (a) surface 
micromachining; (b) bulk micromachining; and, (c) lithographie-galvonoformung-
abformtechnik (LIGA). The surface micromachining method is used to design and 
manufacture the MEMS transducers developed in this research. Therefore, the surface 
micromachining method is explained. First, the process flow of the surface 
micromachining method is briefly described. Then, the effects of the method on the 
performance of the MEMS transducers are discussed. Finally, the particular commercial 
surface micromachining method which is employed in this research (MUMPs) for the 
manufacturing of the MEMS transducers is presented.  
 
2.3.1. Surface Micromachining Method 
Surface micromachined MEMS transducers are built up by the deposition, patterning and 
etching of layers on the surface of a substrate. The process can be used to fabricate 
standing and freely moving microstructure layers in a large two dimensional design 
space.  
 
Figure 2.10 shows the basic process flow of surface micromachining method to create a 
freely moving microstructure layer using the cross section of a transducer design [48]. 
Using the process step numbers shown in the left of each sketch, the description of each 
step is as follows: 
 
1. The process starts with the deposition of a sacrificial layer on a substrate. The 
sacrificial layer is removed at the end of the process in order to generate a freely 
moving microstructure layer. The material most often used as the sacrificial layer is 
silicon oxide (SiO2) or phosphosilicate glass (PSG). The main feature of a sacrificial 
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layer material is that it can be selectively etched with respect to the material of the 
microstructure layer.  
2. The sacrificial layer is patterned as required by the design layout.  
3. A microstructure layer is deposited. The material most often used as the 
microstructure layer is polysilicon.  
4. The microstructure layer is patterned as required by the design layout. 
5. The sacrificial layer is etched in order to release the microstructure layer. As a result, 
the microstructure layer is free to move. Because of the deposition techniques 
currently used, it is difficult to deposit more than 2 µm thick layer. The surface 
micromachining method has some other steps depending on the design.  
 
The surface micromachining method has one significant advantage compared to other 
micromachining methods, namely its IC compatibility. IC compatibility allows the 
placement of on-chip electronics including pre-amplifiers and filters which can be used to 
increase the transducer signal amplitude and signal-to-noise ratio. However, the surface 
micromachining method introduces some problems which can affect the proper 
functioning of the transducers. Those problems, explained below, include thin film 
residual stress, stiction, squeeze film damping, and dimensional uncertainties.  
 
2.3.1.1. Thin film residual stress 
The processes involved in the surface micromachining method induce residual stress on 
the microstructure layer due to mismatch in the thermal expansion coefficients of the 
deposited layers (e.g., polysilicon and silicon oxide), non-uniform plastic deformation, 
interstitial impurities and deposition process [49]. The most significant effect of residual 
stress is gross deformation, such as curling of a cantilever. The residual stress on thin film 
can also alter the resonant frequency of the microstructure layer. However, the 
observations from the previous and current designs show that this effect is negligible. The 
residual stress can be controlled to some level by annealing the microstructure layer. A 
second approach to control the residual stress is to design microstructure layer in a form 
that reduces the amount of the residual stress.  
 
2.3.1.2. Stiction 
The stiction is the contact of two parallel layers after the release of the freely moving 
microstructure layer. The stiction phenomenon is illustrated in Figure 2.11. Figure 2.11a 
shows the intended microstructure layer, and Figure 2.11b shows the microstructure layer 
with the stiction. The stiction of layers can occur either during the micromachining 
process or during the application of an electrostatic load.  
 
When removing the sacrificial layer with wet etching, the freely moving microstructure 
layer may come in contact with the substrate and remain there because of the surface 
tension created by wet etching. The stiction problem can be solved by several methods 
such as designing a sufficiently rigid microstructure layer and immersing the 
microstructure into distilled water and alcohol immediately after the etching process [49].   
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A second cause of the stiction is the excessive application of electrostatic load. The freely 
moving microstructure layer has anchors on the substrate which form the mechanical 
stiffness. When an electrostatic load is applied across two microstructure layers, two 
layers pull toward each other. If the electrostatic load is applied excessively, the pulling 
force brings two layers in to contact and leads to the stiction of two layers. The 
relationship between electrostatic load and the stiffness of the freely moving 
microstructure layer for capacitive MEMS transducers is presented in Section 2.4. 
 
2.3.1.3. Squeeze film damping  
As mentioned above, the microstructure layers are made of thin films. The air film in the 
narrow gap between two microstructure layers is squeezed when these parallel layers 
displace relative to each other. This movement is resisted because of air viscosity and 
results in a pressure gradient in the gap. The pressure gradient has a stiffness component 
that exhibits spring-like behavior, and a damping component referred to as squeeze film 
damping. The squeeze film damping can be mitigated by increasing the gap, reducing the 
horizontal size of the freely moving microstructure layer, making holes in the freely 
moving microstructure layer to allow air to pass more readily or by reducing the 
atmospheric pressure [50]. A model for the computation of squeeze film damping for 
capacitive MEMS transducers is presented in Section 2.4. 
 
2.3.2. Fundamentals of the Three-layer Polysilicon Micromachining Process 
(MUMPs)  
As mentioned in Section 1.2.2, the MEMS transducers studied in this research are 
fabricated using the commercial three-layer polysilicon surface micromachining process 
(MUMPs).  
 
The MUMPs has the general features of the surface micromachining process. The 
substrate is made of single crystal silicon (SCS). Polysilicon is used as the microstructure 
layers, PSG (referred to as oxide) is used as the sacrificial layers, and silicon nitride is 
used as an electrical insulation layer between the microstructure layers and the substrate. 
The mechanical properties of SCS and polysilicon are presented in Table 2.2 [49].  
 
The MUMPs has design rules that specify minimum spacing between layers, minimum 
line-widths and maximum spacing and size of etch holes. The details of the MUMPs 
design rules can be found in reference [51]. The total plan area available for creating a 
device measures 1 cm x 1 cm. In the text that follows, the MUMPs process flow is 
described briefly. This information is used in the next chapters to explain how the MEMS 
transducers are designed and developed in this study. As presented in the MUMPs manual 
[51], the deposited layers are named using lower case, while the mask layers are named 
using upper case.  
 
Figure 2.12 presents the MUMPs flow using the cross section of a transducer designed in 
this research. The MUMPs controls the cross section dimensions of the transducer. The 
lateral dimension and shape (layout) of the transducer are controlled by the designer 
(except that the total plan area of the transducer measures 1 cm x 1 cm). The process is 
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shown as 13 steps indicated with the numbers in parenthesis to the left of each sketch. 
The process is described for an application that creates two freely moving microstructure 
layers. Using the process step numbers shown in the left of each sketch, the description of 
each step is as follows: 
 
1. The process starts with the deposition of 0.6 µm thick silicon nitride (Si3Ni4) layer as 
the electrical insulator between the microstructure layers and substrate.  
2. The 0.5 µm thick Poly0 layer is deposited.  The Poly0 layer represents the standing 
microstructure layer. 
3. The Poly0 layer is patterned with the POLY0 mask as required by the design layout.  
4. The first oxide layer is deposited with a 2.0 µm thickness.  
5. The first oxide layer is patterned with the DIMPLE mask. The DIMPLE mask reduces 
the gap between the Poly0 layer and the Poly1 layer to 1.25 µm. 
6. The first oxide layer is patterned with the ANCHOR1 mask as required by the design 
layout. The ANCHOR1 mask is used to create space for the anchor locations of the 
Poly1 layer.  
7. The 2.0 µm thick Poly1 layer is deposited. The Poly1 layer creates the first freely 
moving microstructure layer. 
8. The Poly1 layer is patterned with the POLY1 and HOLE1 masks. The POLY1 mask 
is used to shape the Poly1 layer as required by the design layout. The HOLE1 mask is 
used to open holes in the Poly1 layer and provides access to the sacrificial layer (the 
first oxide), which is removed in step-13 in order to release the Poly1 layer. The 
MUMPs requires maximum 30 µm center-to-center etch hole spacing and 3 µm 
square size in order to completely remove the sacrificial layer.  
9. The 0.75 µm thick second oxide layer is deposited.  
10. The second oxide layer is patterned with the POLY1_POLY2_VIA mask, which 
removes the second oxide layer to the Poly1 layer. The second oxide can also be 
patterned (not shown in Figure 2.12) by the ANCHOR2 mask, which removes the 
first and second oxide layers and opens space for the anchor locations of the Poly2 
layer on the substrate.  
11. The 1.5 µm thick Poly2 layer is deposited. The Poly2 layer functions as the second 
freely moving microstructure layer. 
12.  The Poly2 layer is patterned by the POLY2 and HOLE2 masks. The MUMPs 
requires that the HOLE2 mask encloses the HOLE1 mask on each side at least 2 µm 
in order to properly remove the first oxide and the second oxide. 
13. The complete microstructure is immersed into a hydrofluoric acid (HF) solution in 
order to etch sacrificial layers and release freely moving microstructure layers. This 
step is followed by immersing it in distilled water and alcohol in order to reduce the 
stiction.  
 
After the deposition of the Poly1 and Poly2 layers, a thin oxide layer is deposited and 
annealed for one hour at 1050°C in argon. The annealing dopes the polysilicon layers and 
reduces the residual stresses in the microstructure layers.  
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The company that fabricated the transducers for this research delivers fifteen 1 cm x 1 cm 
devices. As will be explained in greater detail later, each device includes multiple 
transducers. Prior to use, the device is packaged as follows. In this study, the device is 
mounted on a 64-pin ceramic package using silver epoxy. Epoxy is commonly used for 
large devices because of its low process temperature and its low modulus of elasticity, 
which results in low thermal stress. The use of silver fillers makes the epoxy both 
electrically conductive to ground the device and the ceramic package, and thermally 
conductive to allow a good thermal path between the device and the rest of the ceramic 
package [48]. Pads on the ceramic package and on the device are wirebonded, so that 
external communication with the transducers is provided by pins located at the 
circumference of the ceramic package.  
 
2.4. PREVIOUS RESEARCH ON CAPACITIVE MEMS ULTRASONIC 
TRANSDUCERS (cMUT) 
The application of MEMS technology to ultrasonic transducers was performed by several 
researchers. Khuri-Yakub et al. [52, 53] presented a capacitive transducer fabricated 
using a silicon micromachining method. The transducer is comparable to the piezoelectric 
transducer and was evaluated in air-coupled and immersion applications. The idea of 
developing the silicon micromachined capacitive transducer for the ultrasonic testing 
stems from the problem encountered in generating ultrasound by the piezoelectric 
transducer. There is a considerable mismatch between the impedance of piezoelectric and 
that of air that results in the transducer having either narrow bandwidth or poor efficiency 
along with the difficulty of creating the proper impedance matching layers. The 
capacitive MEMS transducer overcomes the impedance mismatch problem. In addition, 
the capacitive MEMS transducer can be used in high temperatures whereas the 
piezoelectric transducer can be used near room temperature. The researchers reported 
several innovative processes in the capacitive MEMS transducer fabrication to optimize 
transducer performance [54]. Bashford et al. [55] also showed the superiority of water-
coupled micromachined ultrasonic capacitive transducers to piezoelectric transducers.  
 
Oppenheim et al. [56, 57] studied a solid coupled capacitive diaphragm MEMS 
transducer fabricated using the MUMPs.  Figures 2.13 shows a typical diaphragm unit. 
The typical diaphragm unit is hexagonal in plan. The capacitance of a single diaphragm 
unit is insufficient to function as a transducer, so a number of diaphragm units are placed 
in parallel to form a single transducer. Figure 2.14 shows a capacitive diaphragm MEMS 
transducer which has 180 diaphragm units connected in parallel [58].   
 
An electromechanical model of capacitive MEMS transducers is explained by Oppenheim 
et al. [56] and Ladabaum et al. [59] and reviewed here. This section is used in later 
chapters to explain the electromechanical model of the MEMS transducers developed in 
this study. 
 
2.4.1 Electromechanical Modeling of cMUT 
Figure 2.15a shows a capacitor with a standing microstructure layer and a freely moving 
microstructure layer connected to a spring. The MEMS transducers explained here and 
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developed in this study use capacitive transduction. The change in the gap between two 
capacitive layers causes a change in capacitance. Other possibilities for a capacitive 
transducer design can be found in reference [60]. 
 
The parameters used to characterize a capacitive MEMS transducer are: 
 
 Capacitance. 
 Capacitance change with electrostatic loading. 
 Resonant frequency. 
 Squeeze film damping effect on the dynamic response. 
 Collapse voltage. 
 Sensitivity. 
 
This section presents models and equations that are used to calculate the 
electromechanical parameters of a capacitive MEMS transducer based on Oppenheim et 
al. [56] and Ladabaum et al. [59]. 
 
The capacitive layers of the diaphragm transducer shown in Figure 2.13 are made using 
the Poly0 layer as the standing microstructure layer and the Poly1 layer as the freely 
moving microstructure layer anchored around the periphery of the hexagonal shape. The 
Poly1 layer is modeled as a single degree of freedom (SDOF) system using lumped-mass 
model with mass m, spring constant k and dashpot constant c. The equation of motion 
under electrostatic load is 
        2
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                                    (2.19) 
where oε  is the dielectric permittivity of atmospheric air, A is the overlap area between 
the top and bottom capacitive layers, g is the gap between two capacitive layers, Vel(t) is 
the voltage loading. The electrostatic load on the right hand side of Equation 2.19 is for 
capacitive systems and is found by differentiating the potential energy of the capacitor 
with respect to the position 
            )
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2tCV
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dF elel −=                                                    (2.20) 
where C is capacitance. The capacitance of two parallel layers separated by air equals 
       
g
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When the gap between two capacitive layers changes, capacitance changes as 
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ε
                       (2.22) 
Substituting Equation 2.22 into Equation 2.20 results in 
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Equation 2.19 is a nonlinear equation. The first simplification is the application of a 
Taylor expansion to Equation 2.23 
  2-19
   )(
)(
2
)(
3
2
2
2
tx
g
tAV
g
tAVF eloeloel
εε +≈       (2.24) 
Then, Equation 2.19 becomes  
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The change in the stiffness component is referred to as spring softening because of the 
electrostatic load [59]. As xg >> , the contribution of the electrostatic load to stiffness is 
neglected. Then, Equation 2.25 becomes 
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Case 1: biasel VtV =)(  
If a constant electrostatic load is applied as biasel VtV =)( , Equation 2.26 becomes 
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The capacitance change presented in Equation 2.22 is also simplified using a Taylor 
expansion as 
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Substitution of Equation 2.27 into Equation 2.28 leads to 
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A parabolic relationship between capacitance C and bias voltage Vbias is obtained. C1 is 
the coefficient of the square of bias voltage 2biasV . 
 
If the nonlinearity of electrostatic load presented in Equation 2.19 is considered, then 
Equation 2.19 under a bias voltage Vbias becomes  
2
2
)(2 xg
AVkx biaso −=
ε
              (2.30) 
The solution of Equation 2.30 is presented in Labadaum et al. [59] and Vinokur [50]. The 
equation has a stable solution if 
3
gx < . The maximum bias voltage Vbias that can be 
applied in the stable range and prevents stiction of the capacitive layers is referred to as 
the collapse voltage and equals 
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The response of a capacitive transducer under a bias voltage Vbias and an alternating 
voltage tjAC eV
ω  is presented here. It is assumed that Vbias >> VAC. Therefore, the time 
varying voltage load becomes 
 tjACbiasel eVVtV
ω2)( 2 ≈              (2.32) 
Substituting Equation 2.32 into Equation 2.26 results in 
22
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The solution of x(t) under harmonic load is 
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The current flow in the capacitive layers is 
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As Vbias >> VAC and CCo ∆>> ( C∆ represents the difference between total capacitance C 
and Co), Equation 2.35 becomes 
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Using Equation 2.22 
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Using Equation 2.34 
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Substituting Equations 2.37, 2.38 and 2.39 into Equation 2.36 results in 
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The total admittance becomes 
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c
mkQ =        (2.42) 
where Q is the quality factor and influenced by the internal friction of polysilicon and 
squeeze film damping [56].  The second term of Equation 2.41 represents the admittance 
contribution of the mechanical component of the electromechanical system. Figure 2.15b 
shows the factors contributing to the total admittance of a capacitive transducer. ZM 
represent mechanical impedance and equals the reverse of the mechanical admittance 
)/1( MM ZY = . The left side of the figure is the contribution of the electrical admittance to 
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total admittance with current flow i; the right side of the figure presents the mechanical 
admittance contribution to total admittance with velocity 
dt
dx . 
 
2.4.1.1 Squeeze film damping 
Lumped-mass parameters include the mass m, stiffness k and damping c. The methods for 
the idealization of mass and stiffness for the diaphragm transducer can be found in 
reference [56]. The computation of squeeze film damping is presented here using the 
model proposed by Oppenheim et al. [56]. As explained in Chapter 6, the control of 
squeeze film damping is used as one of the design parameters for the design of the G2 
transducers.  
 
For an incompressible fluid with dynamic viscosity µ, the fluid pressure p is governed by 
the Reynolds equation 
   32
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where the air viscosity µ is 18E-6 Pa-s at atmospheric pressure, g is the gap of two 
parallel capacitive layers, and 
•
g  is the gap change velocity normal to the surface. The air 
flow occurs through etch holes. Etch holes are 5 µm squares in plan, placed 30 µm center-
to-center spacing. Each grid square is replaced by a circular piston traveling within a 
cylinder having outer radius bo = 16.9 µm and a central circular vent hole of inner radius 
bi = 2.82 µm, preserving the area in one grid square. The symmetry of a circular piston 
simplifies Equation 2.43 as 
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The solution of Equation 2.44 with boundary conditions as 0)( =ibp and 0)( =∂
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The force acting against the face of the piston is calculated as 
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The coefficient of 
•
g , c, in Equation 2.46 represents squeeze film damping due to one 
etch hole. Depending on the number of etch holes and the deflected shape of the 
transducer, an equivalent SDOF damping can be found [56]. 
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2.4.1.2. Equivalent circuit model and output voltage 
The current flow in a capacitive transducer was given by Equation 2.35. For a solid 
coupled system, if the transducer is excited by a dynamic surface displacement, Vel does 
not change, but C changes because of the change in gap between the Poly0 and Poly1 
layers. Therefore, the current flow becomes 
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An equivalent circuit model for capacitive transducers is presented by Jain [58] and 
shown in Figure 2.16. Rcon represents the resistance between the substrate and coupling 
surface, Rin represents the input resistance of the pre-amplifier or oscilloscope. Cp1 and 
Cp2 are parasitic capacitances between the substrate and the Poly0 layer, and the substrate 
and the Poly1 layer, respectively. The output voltage Vout under a dynamic surface 
displacement is 
x
CC
C
g
VV
po
obias
out
2+
=                                      (2.48)                  
The parasitic capacitance Cp2 leads to the degradation of the output voltage. The anchor 
locations, wires and connecting pads on the device are the main parasitic capacitance 
sources. The output voltage is linearly proportional to bias voltage Vbias. However, the 
magnitude of bias voltage Vbias is limited by Vcollapse (given in Equation 2.31) in order to 
prevent the stiction of two capacitive layers. 
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Table 2.1 AE parameters and their information about flaw sources. 
 
Signal Domain Parameter Information about Flaw Source 
Rate Rate of damage occurring 
Maximum amplitude Intensity of source, orientation 
Relative arrival times Source location 
Duration or count Energy of source 
Waveform Structure of source 
Time  
Energy Energy of source-damage type 
Frequency  Frequency spectrum Nature of source 
TF plot Energy distribution of source through time 
Time-Frequency  
The time variation of each 
frequency component 
The intensities and arrival times of 
frequency components 
 
 
  
 
 
Table 2.2 Material properties of single crystal silicon (SCS) and polysilicon [48]. 
 
 
Material Fracture Strength (GPa) 
Young’s Modulus 
(GPa) 
Density 
(103 kg/m3) 
Poisson 
Ratio 
SCS 6 190 2.30 0.23 
Polysilicon 0.8-2.84 160 2.30 0.23 
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Figure 2.1 Summary of the literature review on AE testing. 
Definition of acoustic emission
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Evaluation of AE waveforms
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(Section 2.2.4.1)
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AE source localization
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Discussion of various types of AE transducers and 
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Explanation of waveforms recorded by AE 
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Literature Review
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Figure 2.2 Schematic of AE testing and the basic instrumentation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Schematic of a conventional piezoelectric AE transducer. 
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Figure 2.4 Schematic of the NIST transducer [7, 8]. 
 
 
 
 
 
 
                   
 
 
 
 
 
 
 
     
 
 
Figure 2.5 Representative source-time function of a pencil lead break (adapted from 
[15]). 
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Figure 2.6 Hertz Impact Theory results for two different diameter balls: (a) source-time 
functions; (b) frequency amplitude spectra. 
 
 
(a) 
(b) 
  2-28
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 A resonant AE transducer output signal and AE parameters. 
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Figure 2.8 An example of the application of STFT to the linear chirp: (a) time history 
signal; (b) TF image of the time history signal. 
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Figure 2.9 Three transducer arrays for triangularization method [1]. 
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Figure 2.10 Process flow of the surface micromachining method. 
 
 
 
 
 
 
 
     (a)        (b) 
Figure 2.11 Stiction phenomena in the surface micromachining method: (a) the intended 
microstructure layer; (b) the microstructure layer with the stiction. 
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Figure 2.12 Illustration of MUMPs flow. 
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Figure 2.13 Typical diaphragm unit from Oppenheim et al. [56]. 
 
 
 
 
 
 
 
Figure 2.14 Capacitive diaphragm MEMS transducer layout [58]. 
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Figure 2.15 Electromechanical model of a capacitive transducer: (a) a capacitive 
transducer model [48]; (b) total admittance of a capacitive transducer. 
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Figure 2.16 Equivalent circuit model of a capacitive transducer for the measurement of 
dynamic surface displacement [58]. 
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CHAPTER 3 
 
DESIGN, MODELING AND ANALYSES OF THE G1 TRANSDUCERS 
 
3.1. INTRODUCTION 
In this research, two generations of capacitive MEMS AE transducers were designed and 
manufactured using the MUMPs. This chapter discusses the design, modeling and 
analyses of the G1 (the first generation) transducers.  Section 3.2 presents the design 
objectives for the G1 transducers. Section 3.3 presents the transducer designs and 
explains how they are fabricated. Section 3.4 discusses the parameters related to the 
characterization of the MEMS transducers. Section 3.5 summarizes the chapter and 
presents conclusions. 
 
3.2. DESIGN OBJECTIVES AND OVERVIEW OF THE G1 DEVICE 
As explained in Chapter 2, acoustic emissions released from flaw sources within civil 
engineering materials are broadband energy sources spanning frequencies from 100 kHz 
to 1 MHz and produce complex transient signals. The amplitude and frequency content of 
acoustic emissions vary depending on the origin and type of flaw sources. The AE 
transducers should have high sensitivity and preferably cover a wide frequency spectrum 
to localize and identify different origin and type of flaw sources.  
 
While there are several transducer requirements related to the accurate and long-term 
measurements such as reliability, robustness, and the special applications such as high 
temperature operability, the following were considered as the basic transducer 
requirements of an AE transducer during the design of the MEMS transducers: 
 
 Sufficient sensitivity to detect low amplitude flaw sources. 
 Frequency range spanning from 100 kHz to 1 MHz. 
 Small contact area to prevent aperture effect. 
 
Section 2.4.1 explained the MUMPs application to design a capacitive ultrasonic MEMS 
transducer. This previous work formed the foundation for the current work to develop 
capacitive MEMS AE transducers. Each transducer consists of two layers of the MUMPs 
to form two parallel capacitive layers (Poly0 and Poly1) separated by air or vacuum. The 
transduction principle is capacitance change provided by the relative displacement of two 
capacitive layers.  
 
Considering the basic transducer requirements of an AE transducer and the results of the 
MUMPs application to design a capacitive ultrasonic MEMS transducer, the following 
were chosen as the main design objectives for the G1 transducers: 
 
1. Multiple transducers on one device. 
2. Resonant capacitive transducers. 
3. High sensitivity. 
4. Resonant frequencies spanning from 100 kHz to 1 MHz. 
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5. Low parasitic capacitance. 
 
A total of 18 independent capacitive MEMS transducers were placed on the 1 cm x 1 cm 
device area as shown in Figure 3.1. The letters along left margin and numbers along top 
edge identify each transducer by its location (e.g., A1, B1, etc). Each transducer has two 
connecting pads; one pad connects to the Poly0 layer, the other pad connects to the Poly1 
layer. Two different mechanical configurations for the transducer designs, referred to as 
diaphragm and piston, were used. The diaphragm transducers are located on lines C and 
D in Figure 3.1. The piston transducers are located on lines A and B in Figure 3.1. 
 
Figure 3.1 shows the design resonant frequencies of the diaphragm transducers and their 
locations on the device. A range of frequencies is given in each case because the 
frequency depends on the assumed support conditions (pinned or fixed). The diaphragm 
transducers developed in this research are similar to the capacitive ultrasonic MEMS 
transducer described earlier by Oppenheim et al. [56]. The capacitive ultrasonic MEMS 
transducer developed by Oppenheim et al. was tuned to 3.5 MHz, whereas the diaphragm 
transducers in this study were designed to resonate at frequencies between 300 kHz to 1 
MHz. There are five different resonant frequency diaphragm transducers, and replicates 
of three of them are on the device. The replicate transducers are placed on the same 
columns (C3-D3, C4-D4, and C5-D5). 
 
Figure 3.1 also shows the design resonant frequencies of the piston transducers and their 
locations on the device. The piston transducers are similar to conventional accelerometers 
and are made of a mass-spring system. The piston transducers were designed to resonate 
at frequencies between 100 kHz-400 kHz. There are two replicates of five different 
resonant frequency piston transducers on the device. The replicate transducers are placed 
on the same columns (A1-B1, A2-B2, A3-B3, A4-B4, and A5-B5). 
 
3.3. TRANSDUCER DESIGN 
As mentioned above, the G1 transducers were manufactured using MUMPs. The 
MUMPs details were explained in Section 2.3.2. The POLY0, ANHCOR1, DIMPLE, 
POLY1 and HOLE1 masks were used to construct the transducers. In the following 
sections, the details of two transducer designs (diaphragm and piston) are presented.  
 
3.3.1. Diaphragm Transducers 
Figure 3.2 shows a diaphragm unit layout, cross section and layer descriptions. A 
diaphragm unit is in the shape of a hexagon. The hexagon shape diaphragm reduces the 
stress accumulation at corners compared to a rectangular shape diaphragm. It also allows 
for the possibility of combining several units electrically to form a transducer without 
losing area on the device as compared to a circular shape diaphragm.  
 
As Figure 3.2 indicates, the Poly0 layer is on the substrate and forms the standing 
microstructure layer. The Poly1 layer anchored around hexagon periphery forms the mass 
and stiffness of the diaphragm unit. The thicknesses of Poly0 and Poly1 layers are 0.5 µm 
and 2.0 µm, respectively. The gap between the two layers was reduced to 1.25 µm using 
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the DIMPLE mask in the MUMPs.  Anchor locations are a source of parasitic 
capacitance. Anchors were placed in the shape of hexagonal posts instead of a continuous 
anchor. Jain [58] showed the contribution of the anchor size to parasitic capacitance if the 
anchor was chosen as continuous instead of individual posts. The anchor size was chosen 
as the smallest size allowed by the MUMPs design rules to reduce the parasitic 
capacitance caused by the anchors. Square etch holes 5 µm x 5 µm in size were placed 
approximately at a 30 µm center-to-center spacing.  
 
Table 3.1 summarizes the dimensions of the diaphragm transducers using their locations 
on the device as their labels. In the table, n indicates the number of units connected in 
parallel to form a transducer, and Lmh indicates the distance between two parallel edges of 
the hexagon shape (shown in Figure 3.2) measured from center-to-center of the anchors. 
The diaphragm transducers were designed for resonant frequencies between 300 kHz and 
1 MHz. The dimensions of Poly1 layer and the restraint provided by the anchors control 
their resonant frequencies. The thickness of Poly1 layer is specified by the MUMPs and 
can not be varied. The dimension Lmh was varied to control the resonant frequencies of 
the diaphragm transducers. By varying Lmh in the range of 155 µm to 260 µm (given in 
Table 3.1), two replicate diaphragm transducers at each of the three lowest frequencies 
and one diaphragm transducer at each of the two highest frequencies were placed on the 
device.  
 
Figure 3.3 shows a diaphragm unit which has Lmh equal to 195 µm, a diaphragm 
transducer which has 68 diaphragm units connected in parallel in the area of 1.8 mm x 
1.4 mm, and all 8 diaphragm transducers on the device. Each diaphragm transducer 
comprises of 36 to 95 diaphragm units (n in Table 3.1) connected in parallel.  
 
3.3.2. Piston Transducers 
The second transducer type is called a piston transducer. Figure 3.4 shows a piston unit 
layout, cross sections and layer descriptions. As noted earlier, the piston transducers are 
similar to the mass-spring system of a conventional accelerometer.  
 
As Figure 3.4 indicates, the Poly0 layer is on the substrate and forms the standing 
microstructure layer. The Poly1 layer forms the freely moving microstructure layer and is 
anchored to the substrate at four locations. The Poly1 layer is used to create the mass and 
the L-shaped spring elements of a piston unit. The mass is created by the Poly1 layer, and 
the L-shaped spring elements connect this layer to each anchor. The thicknesses of Poly0 
and Poly1 layers are 0.5 µm and 2.0 µm, respectively. The gap between the two layers 
was reduced to 1.25 µm using the DIMPLE mask in the MUMPs. 
 
Table 3.2 summarizes the dimensions of piston transducers using their locations on the 
device as their labels. In the table, n indicates the number of units connected in parallel to 
form a transducer; Lmp indicates the mass length of a piston unit (shown in Figure 3.4), 
Ls1 and Ls2 indicate short length and long length of a spring element in a piston unit 
(shown in Figure 3.4). The piston transducers were designed for resonant frequencies 
between 100 kHz and 400 kHz. The dimensions of the Poly1 layer control their resonant 
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frequencies. The lengths of spring elements Ls1 and Ls2 and the length of mass Lmp were 
varied to control the resonant frequencies of the piston transducers. By changing those 
variables, five different resonant frequency piston transducers (two replicates of each) 
were placed on the device.  
 
Figure 3.5 shows a piston unit which has Lmp equal to 310 µm, a piston transducer which 
has 30 piston units connected in parallel in the area of 1.9 mm x 1.6 mm, and all 10 
piston transducers on the device. Each piston transducer comprises of 20 to 30 piston 
units connected in parallel. Piston units were not continuously connected to form a piston 
transducer. They were placed 5 µm apart, and conducting links, Z-shaped in plan (shown 
in an SEM photograph in Chapter 4), provided electrical connectivity. The purpose of 
designing discontinuous Poly1 layer is to reduce the residual stress of Poly1 layer 
induced by the surface micromachining method.  
 
3.3.2. Summary of the G1 Device Layout  
In summary, a total of 18 independent resonant capacitive MEMS transducers with 10 
different resonant frequencies in the frequency range of 100 kHz to 1 MHz were placed 
on a 1 cm x 1 cm device area as shown in Figure 3.1. The diaphragm transducers were 
designed to operate at relatively higher frequencies (from 300 kHz to 1 MHz), and the 
piston transducers were designed to operate at relatively lower frequencies (from 100 kHz 
to 400 kHz).  
 
3.4. ELECTROMECHANICAL PARAMETERS  
Section 2.4.1 presented the electromechanical parameters used to characterize a 
capacitive MEMS transducer as: 
 
 Capacitance. 
 Capacitance change with electrostatic loading.  
 Resonant frequency. 
 Squeeze film damping effect on the dynamic response. 
 Collapse voltage. 
 Sensitivity. 
 
This section discusses each of the electromechanical parameters listed above for the G1 
transducers. These parameters represent the static and dynamic characteristics of the 
transducers. The static characteristics include the capacitance and capacitance change 
with electrostatic loading. The other parameters are classified as the dynamic 
characteristics. 
 
The section begins with a discussion of the system idealization and its associated degrees 
of freedom (Section 3.4.1). Section 3.4.2 discusses the static characteristics of the G1 
transducers. Section 3.4.3 presents the dynamic characteristics of the G1 transducers.  
Section 3.4.4 discusses the sensitivities of the G1 transducers under a mechanical input.  
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3.4.1. System Idealization 
Figure 3.6 shows the system idealization of a diaphragm unit and a piston unit. The 
distributed mass and stiffness of the Poly1 layer were idealized as in the lumped-mass 
model.  The diaphragm unit was idealized as a single degree-of-freedom system that 
acted in a direction normal to the diaphragm surface (u1) as shown in Figure 3.6a.  
 
The piston transducer was initially designed as a single resonant frequency transducer in 
the translational direction. However, another frequency was discovered during the 
characterization experiments (shown in Chapter 4). The identification of mode shape of a 
frequency other than the translational frequency is complicated. In this study, it was 
modeled using a piston unit. The mode shapes of two resonant frequencies of a piston 
unit were assumed in the rotational (u1) and translational (u2) directions as shown in 
Figure 3.6b. Rotation in the orthogonal direction is the same. Not shown in the figure is 
the possibility of a rotational mode about an axis along a diagonal line across the unit. 
Additionally, there can be other possibilities if the effects of the electrical connectors, Z-
shaped in plan, around each piston unit are considered. The other possibilities for the 
rotational frequency were not investigated in this study.  
 
In Figure 3.6b, the distance between two anchors is Lmp/2 where Lmp is the mass length of 
a piston unit. The term kc is the translational stiffness of a single spring element of a 
piston unit. 
 
3.4.2. Static Characteristics 
The equation between capacitance C and bias voltage Vbias under a bias voltage load as 
biasel VtV =)(  was presented in Section 2.4.1 As the G1 transducers are capacitive 
transducers, the same equation is applicable to them.  
 
The relationship between capacitance C and bias voltage Vbias under the acting of a bias 
voltage load Vbias is 
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where ku and Au are the translational stiffness and the area of a diaphragm unit or a piston 
unit. The analytical values of Co for the diaphragm and piston transducers were computed 
by substituting overlapping areas of the Poly0 and Poly1 layers of each transducer into the 
equation 
g
Aoε . Tables 3.3a and 3.3b present analytical Co values for the diaphragm 
transducers and piston transducers, respectively. The analytical Co values are close to 
each other, and in the range of 11 pF to 16 pF.  
 
Table 3.3 also presents the parasitic capacitance Cp2 of each transducer. The parasitic 
capacitance Cp2 is the capacitance between the silicon substrate and the Poly1 layer. They 
are separated by silicon nitride layer. The parasitic capacitance sources on the device 
include the anchor locations of the Poly1 layer, wires on the device area, and connecting 
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pads. The parasitic capacitance Cp2 is computed by substituting the total areas of the 
parasitic capacitance sources, the gap between the substrate and the Poly1 layer, which 
equals 0.6 µm (thickness of silicon nitride) and the dielectric constant of silicon nitride 
which equals 7.5 into the Equation 2.21.  As Table 3.3 indicates, the parasitic capacitance 
of a transducer increases if the transducer is placed inside the device area (e.g., C2, C3, 
B1, B2 etc.) because of longer wires on the device required to connect the transducer to 
the connecting pads compared to a transducer which is close to the connecting pads (e.g., 
D2, D3, A1, A2 etc.). The comparison of the diaphragm transducers and piston 
transducers located at approximately the same distances to the connecting pads shows that 
the diaphragm transducers have higher parasitic capacitances than the piston transducers. 
This is because the diaphragm transducers have more anchor supports than the piston 
transducers. Note that analytical values of Co presented in Table 3.3 do not include 
parasitic capacitances. 
 
The analytical C1 values for the diaphragm and piston transducers require the values of 
the translational stiffnesses of these transducers. The next section presents the 
translational stiffness computations for the diaphragm transducers and piston transducers. 
This is followed by the presentation of the C1 results. 
 
3.4.2.1. Diaphragm transducers 
In Equation 3.1, the C1 equation is presented for the case that the entire Poly1 layer 
deflects uniformly relative to the Poly0 layer. Otherwise, the calculation of C1 requires 
the integration of the deflected shape of the Poly1 layer with respect to its area. The 
deflected shape of the Poly1 layer for the diaphragm transducer under a uniformly 
distributed load was approximated as the deflected shape of a circular shape which has 
the same area as the hexagon shape. Using this approximation, C1 for the diaphragm 
transducer was computed by the following equation  
                                      ∫=→= c
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oo rdrrx
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                     (3.2) 
where n is the number of diaphragm units, x(r) is the deflected shape, ac is the equivalent 
circular radius.  
  
The surface micromachined microstructures exhibit the uncertainty of the mechanical 
behavior at the anchor support. The anchor support of the diaphragm transducer was 
idealized as both a pinned boundary and a fixed boundary in order to compare the 
analytical values with the experimental result.  Closed form solutions for the deflection of 
a uniformly loaded circular plate for the pinned and fixed boundary conditions are [61] 
        ( )  −++−= 2222 1564)( raraDqrx ccd υυ   for pinned boundary      (3.3) 
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where ( )2
3
112 υ−=
EhD , E is the modulus of elasticity, h is the thickness of the layer 
(thickness of Poly1 layer which is 2.0 µm), υ is Poisson ratio, and ac is the equivalent 
circular radius. The quantity qd represents the uniformly distributed load on the Poly1 
layer due to the electrostatic load. From Equation 2.27, qd is 222 bias
o V
g
ε
 where bias 
voltage Vbias is taken as 1 VDC for the C1 calculation. 
 
The substitution of Equations 3.3 and 3.4 and the equivalent circular radius of each 
diaphragm unit into Equation 3.2 results in the C1 values of each diaphragm transducer 
for both the pinned and fixed boundary conditions. The results are presented in Table 
3.3a.   
 
3.4.2.2. Piston transducers 
The translational displacement of the Poly1 layer is assumed to be uniform through the 
entire layer for the piston transducer. For this assumption, C1 for the piston transducer is 
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where ku and Au represent the translational stiffness and area of a piston unit. The 
translational stiffness of a piston unit is formed by 16 spring elements.  
 
Figure 3.7 shows the representation of a spring element which has a 4 µm width and 2 
µm height. The L-shaped spring element was chosen instead of a cantilever spring 
element because the former provides more flexible spring element with smaller mass area 
than those of the latter for the design resonant frequency. As explained in Section 3.4.3.2, 
providing flexible spring element is important for the design of a low frequency 
transducer in order not to require a large mass transducer. When the mass dimension of a 
transducer increases, its squeeze film damping increases as well. 
 
The translational stiffness of each spring element in a piston unit was found by assuming 
no rotation at the node where the spring element is connected to the mass (node c in 
Figure 3.7). The deflection at node c in the negative z direction equals   
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The translational stiffness of a spring element ck  can be found by the inverse of c∆ when 
F = 1 
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c
ck ∆=
1           (3.7) 
A piston unit has a total of 16 spring elements connected to the mass as shown in Figure 
3.7. Therefore, the translational stiffness of a piston unit ku in Equation 3.5 equals 
cu kk 16=           (3.8) 
Substituting the material properties of polysilicon given in Table 2.2 and dimensions of 
the spring elements given in Table 3.2 into Equations 3.7 and 3.5 gives the C1 values of 
the piston transducers. The results are presented in Table 3.3b. 
 
3.4.3. Dynamic Characteristics 
In this section, the dynamic characteristics of the transducers, including resonant 
frequency, the squeeze film damping and collapse voltage Vcollapse are presented. The 
sensitivities of the transducers are discussed separately.  
 
The resonant frequency of each transducer design (diaphragm and piston) was computed 
using the system idealization presented in Section 3.4.1. The simplified model proposed 
by Oppenheim et al. was used to compute squeeze film damping.   
 
As presented in Section 2.4.1, the sensitivity of a capacitive transducer is linearly 
proportional to a bias voltage Vbias. On the other hand, the bias voltage Vbias is limited by 
Vcollapse in order to prevent the stiction of two capacitive layers (Poly0 and Poly1). 
Therefore, Vcollapse must not be applied to prevent damage to a capacitive transducer 
during the characterization and application experiments. 
 
3.4.3.1. Diaphragm transducers  
As explained in Section 3.4.2.1, the hexagon shape of the Poly1 layer of a diaphragm unit 
was approximated as a circular shape which has the same area as the hexagon shape. This 
approximation permitted the use of the closed form solution of a circular plate subjected 
to a uniformly distributed load. The Rayleigh-Ritz energy method was used to compute 
the resonant frequencies of the diaphragm transducers using the closed form deflected 
shape solution of the circular shape. It was assumed that the Poly1 layer consisted of a 
perfectly elastic, homogenous, isotropic material with a uniform thickness considered 
small in comparison with the plan dimension.  
 
The potential energy P and kinetic energy K for a system are computed as [63] 
                           ∫ 
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By separation of variables, )()(),( tfrxtru = , and f(t) is harmonic with circular frequency 
ωo 
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At a given point in the response, the potential energy becomes a maximum while the 
kinetic energy is zero, and the total energy is equal to the potential energy. Since f(t) is 
considered as a harmonic function, its value and time derivative equal 1 at their maxima.  
 
Then 
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The solution of Equation 3.13 can be obtained for different boundary conditions by 
approximating x(r) with an admissible function. In this study, the deflected shapes of a 
circular plate under a unit uniform loading for pinned and fixed boundary conditions, as 
given in Equations 3.3 and 3.4, were used. Those equations were normalized to set the 
displacement at the center equal to 1. The resonant frequency solutions of the diaphragm 
transducers for the two different boundary conditions treated were obtained using the 
equivalent radius of circular shape ac, and the results are presented in Table 3.4. The table 
also shows the modal mass and stiffness parameters for the pinned and fixed boundary 
conditions.  
 
The second parameter related to the dynamic characteristics of the G1 transducers is the 
squeeze film damping. The effect of the squeeze film damping was presented using the Q 
factor. In Section 2.4.1, the Q factor was presented in Equation 2.42, and it was noted that 
the Q factor was influenced by the internal friction of polysilicon and the squeeze film 
damping. The contribution of the internal friction of polysilicon to the Q factor is small. 
Therefore, the squeeze film damping dominates the Q factor. In Section 2.3.1, the cause 
of the squeeze film damping was explained; in Section 2.4.1, the simplified model of 
Oppenheim et al. for the computation of the squeeze film damping of the capacitive 
ultrasonic MEMS transducer was presented. The same model was applied in this research 
to estimate the squeeze film damping and the Q factor of each diaphragm transducer for 
the pinned and fixed boundary conditions. Square etch holes 5 µm x 5 µm in size were 
placed approximately at a 30 µm center-to-center spacing.  The results are presented in 
Table 3.4.  The Q factor of a transducer increases when the horizontal size of a transducer 
decreases (e.g., diaphragm-C2 has Lmh as 155 µm and the Q factor as 0.75, while 
diaphragm-C5 has Lmh as 260 µm and the Q factor as 0.26). As noted in Section 2.3.1.3, 
reducing the horizontal size of the transducer reduces the squeeze film damping. 
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The third parameter related to the dynamic characteristics of the G1 transducers is the 
collapse voltage Vcollapse. Using Equation 2.31 ( A
kgV
o
collapse ε27
8 3= ), substituting stiffness 
values (khp and khf) from Table 3.4 and multiplying the area by the participation factor, 
computed by the ratio of the modal mass to the total mass of the Poly1 layer, the collapse 
voltages Vcollapse of each diaphragm transducer for the pinned and fixed boundary 
conditions were computed. The results are presented in Table 3.4. 
  
It is important to note that the boundary conditions of the diaphragm transducers are 
important for estimates of their dynamic characteristics, including resonant frequencies, 
the Q factors and the collapse voltages. As Table 3.4 shows, two boundary conditions 
significantly change the dynamic characteristics of the diaphragm transducers.  
 
3.4.3.2. Piston transducers 
Compared to the diaphragm unit, the piston unit was idealized as having two degrees of 
freedom in the rotational and translational directions. The two resonant frequencies of 
piston units were computed using the idealized system given in Figure 3.6b, and the 
translational stiffness equation given by Equation 3.7. It is important to note that the 
idealization of the rotational mode shape is uncertain.   
 
Before computing the resonant frequencies of the piston transducers, the effects of Ls1 
and Ls2 (shown in Figure 3.7) on the translational stiffness of a spring element were 
analyzed using Equation 3.7. Figure 3.8a shows the variation of translational stiffness of 
a spring element when Ls1 was kept constant for three cases (Ls1 = 4 µm, Ls1 = 6 µm, Ls1 = 
8 µm). Figure 3.8b shows the variation of translational stiffness of a spring element when 
Ls2 was kept constant for three cases (Ls2 = 4 µm, Ls2 = 6 µm, Ls2 = 8 µm).  
 
As mentioned in Section 3.2, the piston transducers were designed for relatively low 
frequencies. Therefore, the translational stiffness of a spring element should be small for 
a certain mass because of the dependence of the resonant frequency f on the stiffness k as  
m
kf π2
1=                   (3.14) 
As Figure 3.8 indicates, the case of keeping Ls1 constant and changing Ls2 enables lower 
translational stiffness with smaller spring element dimensions than the case of keeping 
Ls2 constant and changing Ls1. For example, for kc equal to 170 N/m, Ls2 should be 
approximately 20 µm if Ls1 is 6 µm; on the other hand Ls1 should be approximately 28 
µm if Ls2 is 6 µm. If the dimensions of a spring element are smaller, then the area of a 
piston transducer that contributes to total capacitance can be designed larger. 
Additionally, providing flexible spring element is important for the design of a low 
frequency transducer in order not to require a large mass transducer which increases the 
squeeze film damping (as shown earlier for the diaphragm transducers). Therefore, the 
spring elements of piston units were designed by changing Ls2 and keeping Ls1 as 8 µm.  
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By changing Ls2 and Lmp (shown in Figure 3.7), five different resonant frequency piston 
transducers were designed in the frequency range of 100 kHz to 400 kHz. The first 
(rotational) frequency fp1 and second (translational) frequency fp2 of the piston 
transducers were computed using the system idealization shown in Figure 3.6b as 
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where kc is the translational stiffness of a spring element, and mu is the mass of a piston 
unit. Using the material properties of polysilicon given in Table 2.2, and the dimensions 
of the piston transducers presented in Table 3.2, the resonant frequencies of the piston 
transducers were computed. The results are presented in Table 3.5. The table also shows 
the modal mass (mp1 and mp2) and stiffness (kp1 and kp2) parameters for the two degrees of 
freedom.  
 
The other dynamic parameters of the piston transducers (the Q factor and Vcollapse) were 
computed using the same procedures as explained for the diaphragm transducers. Table 
3.5 presents those parameters for the translational mode shapes of the piston transducers.  
 
3.4.4. Sensitivity under Dynamic Surface Displacement 
The identification of the relationship between the dynamic surface displacement u(t) and 
the voltage output of the transducer V(t) is important in order to characterize the 
sensitivity of the transducer and the minimum value of the dynamic surface displacement 
u(t) that the transducer can detect. 
 
It is assumed that u(t) is in the form of 
tjetu ω=)(                   (3.17) 
The equation of motion for a SDOF system is 
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where x(t) represents the relative displacement of capacitive layers. The solution of 
Equation 3.18 is 
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In Section 2.4.1, the relationship between x(t) and Vout(t) (or V(t)) is given as 
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Substituting Equation 3.19 into Equation 2.48 results in 
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Substituting the values 20 VDC bias voltage, g = 1.25E-6 m, Co = 1.2E-11 F and Cp2 = 
0.9E-11 F (from Table 3.3a) and Q = 0.75 (from Table 3.4) for diaphragm-C2 into 
Equation 3.22 results in   
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Equation 3.23 represents the sensitivity of diaphragm-C2 in terms of voltage (output) and 
displacement (input) ratio. For example, the minimum surface displacement u(t) that 
diaphragm-C2 can detect is 2.8E-10 m if the minimum voltage that an oscilloscope can 
measure is 2 mV. The sensitivity of the transducer can be increased by using a pre-
amplifier or changing the ambient pressure in order to reduce squeeze film damping and 
consequently to increase the Q factor.   
 
3.5. SUMMARY 
This chapter discussed the design, modeling and analyses of the G1 transducers. A total 
of 18 independent resonant capacitive MEMS transducers with 10 different resonant 
frequencies in the frequency range of 100 kHz to 1 MHz were placed on a 1 cm x 1 cm 
device area. The diaphragm transducers were designed to operate at relatively higher 
frequencies (from 300 kHz to 1 MHz), and the piston transducers were designed to 
operate at relatively lower frequencies (from 100 kHz to 400 kHz). The 
electromechanical parameters used to characterize the G1 transducers were presented 
using the analytical formulas of the capacitive ultrasonic MEMS transducers presented in 
Chapter 2.  
 
The chapter has three conclusions based on the analytical results presented: 
 
1. For the translational stiffness of a spring element of a piston unit, keeping Ls1 
constant and changing Ls2 enables lower translational stiffness for a spring element of 
a piston unit with smaller spring element dimensions than keeping Ls2 constant and 
changing Ls1. 
2. The boundary conditions of the diaphragm transducers are important for estimates of 
their C1 values and their dynamic characteristics, including resonant frequencies, the 
Q factors and the collapse voltages. 
3. The displacement (input) - voltage (output) relationship for diaphragm-C2 is found as 
7E6 V/m. The minimum surface displacement u(t) that diaphragm-C2 can detect in 
atmospheric pressure with 20 VDC bias voltage is 2.8E-10 m if the minimum voltage 
that an oscilloscope can measure is 2 mV. 
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Table 3.1 Dimensions of the diaphragm transducers on the G1 device.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.2 Dimensions of the piston transducers on the G1 device.                            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Design Resonant 
Frequency (kHz) Diaphragm n Lmh (µm) Total Area (mm2) Pinned 
Boundary
Fixed 
Boundary 
C2 95 155 1.98 712 1230 
D2 81 175 2.15 559 968 
C3 68 195 2.24 450 780 
   D3 68 195 2.24 450 780 
C4 53 225 2.32 338 586 
D4 53 225 2.32 338 586 
C5 36 260 2.11 253 439 
D5 36 260 2.11 253 439 
Piston n Lmp (µm) Ls1 (µm) Ls2 (µm) Total Area (mm2) 
Design Resonant 
Frequency (kHz) 
A1 20 390 8 40 3.10 112 
B1 20 390 8 40 3.10 112 
A2 20 350 8 30 2.50 192 
   B2 20 350 8 30 2.50 192 
A3 30 310 8 26 2.96 270 
B3 30 310 8 26 2.96 270 
A4 30 310 8 20 2.96 394 
B4 30 310 8 20 2.96 394 
A5 20 350 8 40 2.50 126 
B5 20 350 8 40 2.50 126 
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Table 3.3 Analytical capacitance values Co, Cp2 and C1 for the G1 transducers: (a) 
diaphragm transducers; (b) piston transducers. 
(a) 
 
C1 (10-16 F/V2) 
Diaphragm Co (10-11 F) Cp2 (10-11 F) Pinned 
Boundary 
Fixed 
Boundary 
C2 1.2 0.9 3.5 0.6 
D2 1.3 0.4 6.3 1.1 
C3 1.4 0.8 10.2 1.8 
D3 1.4 0.4 10.2 1.8 
C4 1.5 0.7 18.9 3.3 
D4 1.5 0.4 18.9 3.3 
C5 1.3 0.7 30.7 5.4 
D5 1.3 0.4 30.7 5.4 
 
(b) 
 
Piston Co (10-11 F) Cp2 (10-11 F) C1 (10-16 F/V2) 
A1 1.6 0.1 121.3 
B1 1.6 0.6 121.3 
A2 1.3 0.1 31.7 
B2 1.3 0.6 31.7 
A3 1.4 0.2 17.2 
B3 1.4 0.6 17.2 
A4 1.4 0.2 8.2 
B4 1.4 0.6 8.2 
A5 1.1 0.1 61.4 
  B5 1.1 0.6 61.4 
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Table 3.4 Analytical dynamic characteristic values of the diaphragm transducers on the G1 device. 
 
 
fh (kHz) Modal Parameters 
Pinned  
Boundary 
Fixed 
Boundary 
Q Vcollapse (V) 
Diaphragm 
fhp fhf 
khp mhp (10-11) khf mhf (10-11) 
Pinned  
Boundary 
Fixed 
Boundary
Pinned  
Boundary
Fixed 
Boundary
C2 712 1230 566 2.8 1150 1.9 0.64 0.75 88 152 
D2 559 968 444 3.6 903 2.4 0.40 0.48 68 117 
C3 450 780 358 4.5 727 3.0 0.38 0.45 54 93 
D3 450 780 358 4.5 727 3.0 0.38 0.45 54 93 
C4 338 586 269 6.0 546 4.0 0.31 0.36 40 69 
D4 338 586 269 6.0 546 4.0 0.31 0.36 40 69 
C5 253 439 201 8.0 409 5.4 0.22 0.26 29 51 
D5 253 439 201 8.0 409 5.4 0.22 0.26 29 51 
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Table 3.5 Analytical dynamic characteristic values of the piston transducers on the G1 device. 
 
fp (kHz) Modal Parameters 
The First (Rotational) 
Frequency 
The Second (Translational)
Frequency Piston fp1 fp2 
kp1 (10-6 ) mp1 (10-18) kp2 mp2 (10-11) 
Q Vcollapse (V) 
A1 97 112 3.0 8.1 318 64.1 0.18 14 
B1 97 112 3.0 8.1 318 64.1 0.18 14 
A2 166 192 5.8 5.3 754 52.0 0.30 24 
B2 166 192 5.8 5.3 754 52.0 0.30 24 
A3 232 270 6.9 3.2 1154 40.2 0.42 35 
B3 232 270 6.9 3.2 1154 40.2 0.42 35 
A4 343 394 15.1 3.3 2512 40.9 0.62 51 
B4 343 394 15.1 3.3 2512 40.9 0.62 51 
A5 108 126 2.4 5.1 318 50.5 0.19 15 
  B5 108 126 2.4 5.1 318 50.5 0.19 15 
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Design Resonant 
Frequency (kHz) Transducer Location Pinned 
Boundary 
Fixed 
Boundary 
C2 712 1230 
D2 559 968 
C3 450 780 
D3 450 780 
C4 338 586 
D4 338 586 
C5 253 439 
Diaphragm 
D5 253 439 
A1  112 
B1  112 
A2  192 
B2  192 
A3  270 
B3  270 
A4  394 
B4  394 
A5  126 
Piston 
B5  126 
 
Figure 3.1 Locations and design resonant frequencies of the MEMS transducers on the 
G1 device. 
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Figure 3.2 Diaphragm unit layout, cross section and layer descriptions. 
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Figure 3.3 Diaphragm transducers: (a) a diaphragm unit; (b) a diaphragm transducer; (c) 
all 8 diaphragm transducers on the device. 
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Figure 3.4 Piston unit layout, cross sections and layer descriptions. 
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Figure 3.5 Piston transducers: (a) a piston unit; (b) a piston transducer; (c) all 10 piston 
transducers on the device. 
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Figure 3.6 System idealization: (a) a diaphragm unit; (b) a piston unit. 
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Figure 3.7 Spring element model of a piston unit. 
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Figure 3.8 The variation of translational stiffness of a spring element in a piston unit: (a) 
changing Ls2 with constant Ls1; (b) changing Ls1 with constant Ls2. 
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CHAPTER 4 
 
CHARACTERIZATION EXPERIMENTS OF THE G1 TRANSDUCERS 
 
4.1. INTRODUCTION 
This chapter discusses the electromechanical and mechanical characterization 
experiments performed on the G1 transducers. The characterization experiments are 
performed to understand the behavior of the MEMS transducers before using them in an 
AE application. Section 4.2 describes how the MEMS transducers are prepared for the 
experiments after their delivery by the manufacturer. Section 4.3 explains the 
electromechanical characterization experiments, including the capacitance and admittance 
measurements, and compares the experimental results with the analytical values presented 
in Chapter 3. The mechanical characterization experiments, performed with a simulated 
AE source, are discussed in Section 4.4. Section 4.5 summarizes the chapter and presents 
conclusions. 
 
4.2. TRANSDUCER PREPARATION 
As mentioned in Section 1.2.2, the MEMS transducers studied in this research were 
fabricated using the commercial three-layer polysilicon surface micromachining process 
(MUMPs). The manufacturer that fabricated the transducers for this research delivers 
fifteen 1 cm x 1 cm devices. Figure 4.1 shows an SEM photograph of the G1 device 
(from a damaged device). The photograph shows the MEMS transducers deposited on the 
silicon substrate with wires and connecting pads. When the devices were delivered by the 
manufacturer, the main post-processing steps, particularly etching and releasing 
microstructures, were already completed. Prior to use, the devices are packaged as 
follows. 
  
1. The first step is to clean the insulator layer on the back surface of the device using a 
blade. The delivery package included an insulator layer on the back surface of the 
device to prevent electrical damage and the movement of the device during delivery. 
To provide good conductivity and acoustic path between the device and the package, 
the insulator layer must be completely removed. 
2. The second step is to deposit a thin metal film on the back surface of the device. The 
metal deposition minimizes the electrical resistance between the device and the 
package. 
3. The third step is to mount the device to a ceramic package with silver epoxy adhesive. 
Figure 4.2 shows a photograph of the device mounted on the 64-pin ceramic package. 
The packaged device was then cured for one hour at 120°C. 
4. The fourth and final step is to wirebond the device to the ceramic package. Figure 4.1 
shows the wirebonds which connect pads on the device to pads on the package. 
Wirebonding provides for the communication between the transducers and external 
instruments using pins located at the circumference of the ceramic package (shown in 
Figure 4.2). 
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The characterization experiments can be performed in two groups: (1) directly on the 
unpackaged device (i.e., without the preparation steps explained above but with the 
device instead placed in a probe station); and (2) on the packaged device. Both types of 
experiments were performed in this research. 
 
4.3. ELECTROMECHANICAL CHARACTERIZATION  
Section 2.4.1 presents the electromechanical parameters used to characterize a capacitive 
MEMS transducer as: 
 
 Capacitance. 
 Capacitance change with electrostatic loading.  
 Resonant frequency. 
 Squeeze film damping effect on the dynamic response. 
 Collapse voltage. 
 Sensitivity. 
 
The analytical computations of these parameters for the G1 transducers using their 
idealized systems were presented in Chapter 3.  This section verifies the accuracy of the 
idealized behaviors of the MEMS transducers experimentally.  
 
Capacitance measurements of the transducers are presented in Section 4.3.1. Admittance 
measurements performed in atmospheric pressure and coarse vacuum are presented in 
Section 4.3.2. Admittance measurements provide the resonant frequencies of the MEMS 
transducers and the value of the squeeze film damping. In Sections 4.3.1 and 4.3.2, 
experimental and analytical values are compared. Profilometer measurements described in 
Section 4.3.3 are made to examine the deformation of the MEMS transducers due to the 
residual stress. The mechanical experiments using a simulated acoustic emission source to 
determine the sensitivities of the MEMS transducers are presented in Section 4.4. In this 
section, the resonant frequencies of the MEMS transducers obtained by the admittance 
measurements and mechanical experiments are also compared. 
 
4.3.1. Capacitance Measurement and Comparison with Analytical Modeling 
This section presents the experimental measurements of capacitance and capacitance 
change with electrostatic loading.  
 
4.3.1.1. Capacitance measurement method 
Section 3.4.2 showed the analytical relationship between capacitance C and bias voltage 
Vbias under the acting of a bias voltage load for the MEMS transducers as 
            212
2
2 )2
()( biaso
u
biasuooo
bias VCCkg
VA
g
A
g
AVC +=+= εεε       (3.1) 
The capacitance measurement of a MEMS transducer under the acting of a set of bias 
voltage loads provides the relationship between capacitance and bias voltage 
experimentally. The best-fit curve of Equation 3.1 is then fit to the experimental data. 
The constant term of the best-fit curve represents Co, the coefficient of the quadratic term 
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of the best-fit curve represents C1. Experimental and analytical values of Co and C1 are 
then compared. 
 
An HP 4280A 1 MHz capacitance meter was used for the capacitance measurements. The 
capacitance meter has a start voltage (-Vbias), step voltage (∆Vbias), stop voltage (+Vbias) 
and delay time as variables for the incremental application of a set of bias voltage loads. 
The delay time prior to the application of the next bias voltage load step permits the set of 
bias voltages to be applied statically. The instrument applies the bias voltage load with a 
30 mV amplitude 1 MHz frequency alternating voltage to the test transducer. The 
experiments were performed in atmospheric pressure. The communication between the 
instrument and the data acquisition computer was provided by a GPIB card, and the 
instrument was controlled by a Labview program. Capacitance measurements were made 
on six MEMS devices. The MEMS transducers on Devices 1 and 2 were tested directly 
on the unpackaged devices. The MEMS transducers on the remaining devices were tested 
on the packaged devices. The maximum bias voltages applicable to the MEMS 
transducers were controlled by their analytical collapse voltages as presented in Tables 
3.4 and 3.5. 
 
4.3.1.2. Capacitance measurement results 
Figures 4.3 and 4.4 show two example capacitance measurements performed on 
diaphragm transducers and piston transducers, respectively. The experimental data are 
shown as discrete points. Equation 3.1 was fit to the experimental data and shown as the 
solid line. In general, an excellent agreement was found between the experimental data 
and the best-fit of Equation 3.1. All of the other tested transducers also exhibited similar 
behaviors. 
 
4.3.1.3. The comparison of experimental and analytical Co and C1 values 
Tables 4.1 to 4.4 present the experimentally determined values of Co and C1 for 
diaphragm transducers and piston transducers.  Some transducers were damaged during 
the preparation process explained in Section 4.2. These damaged transducers could not be 
tested and the values for Co and C1 are omitted in these cases. The tables also include the 
analytical values of Co and C1 as presented in Chapter 3 (i.e., Equations 3.1, 3.2, 3.5).  
 
The comparisons of the capacitance measurement results of the unpackaged devices 
(Devices 1 and 2) and the packaged devices (Devices 3 to 6) show that the parasitic 
capacitances on the unpackaged devices (connected to the capacitance meter using a 
probe station) are higher than the packaged devices (connected to the capacitance meter 
using pins around the ceramic package and the commercial probes).  The probe station 
can add parasitic capacitances in addition to parasitic sources due to the device. The 
initial experiments on the probe station indicate whether the MEMS transducers work or 
not before packaging.  
 
The comparison of the Co and C1 values in Tables 4.1 to 4.4 shows that the experimental 
values of capacitances for the same MEMS transducer on different MEMS devices shows 
good repeatability (e.g., diaphragm-C2 values for Devices 3 to 6).  
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Figure 4.5 compares the averaged experimental values of Co and C1 and their analytical 
values for the diaphragm transducers. The averaged experimental values exclude Devices 
1 and 2 (tested directly on the unpackaged devices) except for diaphragm-D3. This 
transducer had one measurement obtained by Device 2. Note that diaphragm-D3 has the 
same design as diaphragm-C3.  
 
As Table 4.1 shows, the experimental and analytical Co values for each diaphragm 
transducer are close to each other. The averaged difference is 4.7 pF with 1.2 pF standard 
deviation. The experimental Co values of the diaphragm transducers are about 1.4 times 
that of the analytical values (note that diaphragm-D3 was not considered in the 
computation of averaged difference, standard deviation and averaged ratio). The reasons 
for the difference between experimental and analytical values can be due to parasitic 
capacitances added by the transducer and experimental setup and due to the geometric 
variations of the transducers as a result of the surface micromachining method.  
 
As Table 4.2 shows, the experimental and analytical C1 values for each diaphragm 
transducer are close to each other. The averaged difference is 7.2E-16 F/V2 with 5.6E-16 
F/V2 standard deviation when the anchor supports are treated as a pinned boundary 
condition. For the same boundary condition, the experimental C1 values of the diaphragm 
transducers are about 1.4 times that of the analytical values. The difference increases to 
8.1 times when the anchor supports are treated as a fixed boundary condition. The 
experimental C1 results are closer to the pinned boundary condition. It is important to 
note that C1 is highly dependent on the gap between two capacitive layers g as shown in 
Equation 3.1. It is inversely proportional to the fourth order magnitude of g. 
 
Figure 4.6 compares the Co and C1 averaged experimental and analytical values for the 
piston transducers. The averaged experimental results exclude Devices 1 and 2. As Table 
4.3 shows, the experimental and analytical Co values for each piston transducer are close 
to each other. The averaged difference is 3.7 pF with 1.3 pF standard deviation. 
Experimental Co values are about 1.3 times that of the analytical values.  
 
The experimental and analytical Co values for the piston transducers are closer to each 
other than the diaphragm transducers. As mentioned in Chapter 3, the piston transducers 
have fewer anchor locations than the diaphragm transducers. The anchor locations are 
one of the parasitic capacitance sources.  
 
As Figure 4.6b and Table 4.4 show, the experimental and analytical C1 values for each 
piston transducer are close to each other. The averaged difference is 1.9E-15 F/V2 with 
1.0E-15 F/V2 standard deviation. The experimental C1 values of the piston transducers 
are about 1.7 times that of the analytical values.  
 
In summary, there are some differences between the experimental Co and C1 values and 
their analytical values computed by the idealized behaviors of the simple models and the 
design geometric dimensions of the transducers. However the differences are relatively 
small considering the uncertainties of the surface micromachining method, the 
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assumptions made in the system idealizations, and the potential to add parasitic 
capacitances in the experimental measurement.  
 
4.3.2. Admittance Measurement and Comparison with Analytical Modeling 
This section presents the experimental measurements of resonant frequencies of the 
MEMS transducers and an evaluation of the squeeze film damping effect on their 
responses.  
 
4.3.2.1. Admittance measurement method 
In Section 2.4.1, the admittance equation of the capacitance transducer was given as 
Qj
j
mg
CVCjY
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obias
o /222
22
ωωωω
ωω +−+=                 (2.41) 
where ω  is the circular frequency of the input signal in the form of tjACbias eVV ω+ , and 
oω is the circular frequency of the transducer. When the frequency of the input signal ω  
matches the frequency of the transducer oω , resonance occurs and the mechanical 
admittance (the second term in Equation 2.41) amplifies relative to the electrical 
admittance (the first term in Equation 2.41). This leads to sharp peak in ω  versus Y  
plots of the complex admittance equation at that particular frequency depending on the Q 
factor of the transducer.  
 
The MEMS transducer is loaded with an alternating voltage in the form of 
tj
ACbiasel eVVtV
ω+=)( , and its admittance value is measured for the corresponding input 
circular frequency ω . This procedure is repeated for an input frequency range depending 
on the resonant frequency of the transducer (e.g., if a 300 kHz transducer is tested, the 
frequency range of 100-500 kHz is chosen). The plot of the magnitude of the admittance 
versus the input frequency provides the frequency of the transducer. The best-fit curve of 
Equation 2.41 to the experimental data yields the Q factor of the transducer as well. How 
this is accomplished is explained further with an example in Section 4.3.2.3. 
 
The admittance measurements were performed using an HP 4192 impedance analyzer. 
The instrument was used to apply an alternating voltage in the form of 
tj
ACbiasel eVVtV
ω+=)(  to the test transducer, sweeping a frequency range. The instrument 
measured the magnitude and phase angle of the complex admittance value Y of the test 
transducer for the corresponding input frequency. The communication between the 
instrument and the data acquisition computer was provided by a GPIB card, and the 
instrument was controlled using a Labview program.  
 
The admittance measurements were performed on four packaged MEMS devices. They 
were repeated in both atmospheric pressure and coarse vacuum. In addition, as Equation 
2.41 indicates, the mechanical admittance (the second term) requires a bias voltage Vbias 
in order for mechanical admittance exhibit itself in the total admittance of the transducer. 
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Therefore, the admittance measurements were repeated under 0 VDC bias voltage to show 
that the experimental results under the specified non-zero bias voltage were real. 
 
4.3.2.2. Admittance measurement results 
Figures 4.7 and 4.8 show two admittance measurement results performed on diaphragm 
transducers and piston transducers, respectively. Each figure in parts (a) and (b) includes 
the magnitude and phase angle of admittance values. Bias voltages of 6 VDC and 5 VDC 
were applied to the diaphragm transducers and the piston transducers, respectively. In 
each of the figures, the solid line represents the measurement in coarse vacuum; the 
dashed line represents the measurement in atmospheric pressure. The other tested 
transducers exhibited the similar behaviors to that shown in Figures 4.7 and 4.8. 
 
The resonance of a transducer and the amplification of the admittance when 0ωω =  are 
clear in coarse vacuum measurements. However, it is not possible to exhibit the 
resonance of the transducer in atmospheric pressure. The squeeze film damping c of the 
transducer in atmospheric pressure is high so that the Q factor is low (
c
kmQ = ). The 
low Q factor prevents the amplification of the mechanical admittance (the second term in 
Equation 2.41) as compared to the electrical admittance (the first term in Equation 2.41) 
The designs of the G1 transducers require that the transducers be operated in a coarse 
vacuum to observe their resonant frequencies. Otherwise, squeeze film damping masks 
the resonance of the transducers. 
 
As shown in Figure 4.7, each diaphragm transducer exhibits one resonant frequency. The 
piston transducers exhibit two resonant frequencies as shown in Figure 4.8. The presence 
of the second frequency is more apparent in the admittance plots when the frequencies of 
the piston transducer increase. During the idealization of the piston transducers, it was 
assumed that the first frequency of the piston transducer was rotational, and that the 
second frequency of the piston transducer was translational mode. The second 
frequencies of the piston transducers are apparent in the admittance measurement results. 
However, their first frequencies reveal uncertainties about the idealized behaviors of the 
piston transducers. As mentioned in Section 3.4.1, there may be various mode shapes for 
the rotational frequencies of the piston transducers. In this study, the other possible mode 
shapes were not investigated. 
 
The experiments under 0 VDC bias voltage show that the transducers cannot exhibit their 
resonance behaviors when the bias voltage is turned off. As explained earlier, Equation 
2.41 indicates that the mechanical admittance (the second term in Equation 2.41) requires 
a non-zero bias voltage Vbias in order for mechanical admittance exhibit itself in the total 
admittance of the transducer. 
 
The phase angles of the transducers shown in the second plots of each transducer in 
Figures 4.7 and 4.8  are close 90° which means that the transducers are very close to pure 
capacitors. 
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4.3.2.3. Comparison of experimental and analytical resonant frequencies 
Table 4.5 presents the experimental and analytical resonant frequencies for the diaphragm 
transducers. Some transducers were damaged during the preparation process explained in 
Section 4.2. These damaged transducers could not be tested and the resonant frequencies 
are omitted in these cases. The table shows that the experimental values for the same 
MEMS transducer on different MEMS devices shows good repeatability (e.g., 
diaphragm-C4 values for Devices 2 to 4).  The comparison of replicate transducers (e.g., 
diaphragms C3 and D3, diaphragms C4 and D4) also exhibits good repeatability. 
Figure 4.9 compares the averaged experimental and analytical resonant frequencies for 
the pinned and fixed boundary conditions. Figure 4.9 and their differences given in Table 
4.5 show that, in all cases, the experimental resonant frequencies of the diaphragm 
transducers fall between the analytical values for the pinned and fixed boundary 
conditions, and they are closer to the fixed boundary condition. The experimental 
resonant frequencies of the diaphragm transducers are about 1.5 times that of the 
analytical values with the pinned boundary condition. The experimental resonant 
frequencies of the diaphragm transducers are about 0.8 times that of the analytical values 
with the fixed boundary condition. As presented in Section 4.3.1, the experimental C1 
values of the diaphragm transducers are closer to the assumption of the pinned boundary 
condition and do not fall between the analytical values of two boundary conditions. The 
reason for the difference of the boundary condition effect on the resonant frequency and 
C1 of the diaphragm transducers can be the dependence of C1 to the gap between the two 
capacitive layers as noted above, and the potential variability in this gap dimension from 
the intended design value. 
 
Tables 4.6 and 4.7 present the experimental and analytical resonant for the piston 
transducers. Figure 4.10 compares their averaged experimental and analytical values. The 
two lowest frequency piston transducers (pistons A1-B1 and A5-B5) have higher 
experimental values than their analytical values (ratios of averaged experimental and 
analytical values are given in Tables 4.6 and 4.7). When the frequencies of the piston 
transducers increase, experimental resonant frequencies start to be lower than their 
analytical values. These results are valid for both the first and second frequencies of the 
piston transducers.   
 
Figure 4.11 shows the experimental resonant frequencies of the piston transducers 
normalized to their analytical values. The difference between the experimental and 
analytical first and second frequencies of the piston transducers exhibits the same trend. 
When the frequency of the transducer increases, the analytical resonant frequencies 
become higher than their experimental values. The transducer stiffness of the high 
frequency piston transducers can be over estimated. Note that in Section 3.4.2.2, the 
translational stiffness of a spring element of a piston unit was computed with the 
assumption that no rotation at the node where the spring element connects to the mass. 
The actual behavior of the spring element can be between a no rotation constraint and a 
free end.  It is important to note that the difference between the experimental and 
analytical values is less than a factor of 2.  
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The best-fit curve of Equation 2.41 to the experimental data yields the Q factor of the 
transducer. Figure 4.12 presents one of the good examples of the best-fit curve to 
Equation 2.41. The figure shows the admittance measurement of diaphragm-C4 in coarse 
vacuum and the best-fit curve of Equation 2.41 when the Q factor was taken as 60. The Q 
factor in atmospheric pressure could not be identified as the response was highly damped. 
As shown in Table 3.4, the Q factor for diaphragm-C4 in atmospheric pressure was 
computed as 0.36 for the fixed boundary assumption. This is too small to be able to 
observe the mechanical admittance effect on the total admittance of the transducer in 
atmospheric pressure. 
 
4.3.3. Profilometer Measurement 
The aim of the profilometer measurement is to show the deformation of the transducers 
due to residual stress induced by the surface micromachining method. A non-contact 
optical profiler was used to obtain the elevation of the Poly1 layer relative to the 
horizontal plane. The non-contact optical profiler scans the surface of the test transducer 
and measures the surface elevation of the top layer (this is the Poly1 layer in this study) 
for a chosen cross section.  
 
Figures 4.13 and 4.14 show the cross sections of two examples of diaphragm transducers 
and piston transducers, respectively. The horizontal dimensions of the transducers are 
presented as xh, and the vertical dimensions of the transducers are presented as z. Figure 
4.13a shows the cross section of a single diaphragm unit. Points a-b and c-d represent the 
anchor locations. The horizontal distance between e and f represents the length of the 
Poly1 layer within the DIMPLE mask. The vertical depth between g and h shows the etch 
hole, but not reaching to the Poly0 layer. The anchor locations and etch holes appear in a 
profilometer measurement depending on the chosen cross section. Figure 4.13b shows the 
cross section of four diaphragm units. Similarly, Figure 4.14a shows the cross section of a 
piston unit, and Figure 4.14b shows the cross section of three piston units.   
 
The profilometer measurement could be used to determine the dimensions of the 
transducers (horizontal and vertical). However, the instrument was not calibrated for an 
accurate measurement.  
 
The comparison of Figures 4.13 and 4.14 shows the deformation of the diaphragm 
transducers and the piston transducers due to residual stress. Nine profilometer 
measurements on the diaphragm transducers showed that the averaged upward 
displacement of the Poly1 layer relative to the horizontal plane was 0.42 ± 0.09 µm. The 
Poly1 layer of the piston transducer was very close to flat as shown in Figure 4.14. The 
upward displacement of the Poly1 layer relative to the horizontal plane for the piston 
transducer was about 0.03 µm. Three piston units presented Figure 4.14b also had a flat 
Poly1 layer, but the measurement was taken when the instrument tilted slightly in the 
clockwise direction.  
 
The designs of the piston transducers reduced the deformation due to residual stress 
because of the following. Figure 4.15 shows SEM photographs of a diaphragm unit and a 
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piston unit (from a damaged piston transducer). Anchors for the diaphragm unit were 
around the periphery of the Poly1 layer while those for the piston unit were inside. 
Additionally, individual piston units were not connected continuously. Note the 
conducting links, Z-shaped in plan, between two piston units in Figure 4.15b. Anchor 
locations and the discontinuous Poly1 layer of the piston transducers reduced the 
deformation of the Poly1 layer.  
 
4.4. MECHANICAL CHARACTERIZATION EXPERIMENTS 
In Section 4.3, the electromechanical characterization of the G1 transducers was achieved 
by testing the MEMS transducers using electrostatic load (i.e., electrical input) in the 
form of biasV or
tj
ACbias eVV
ω+ . This section addresses the performance of the MEMS 
transducers under a mechanical input using a simulated acoustic emission source. These 
experiments verify the resonant frequencies of the MEMS transducers and determine the 
sensitivities of the MEMS transducers relative to a commercial ultrasonic transducer. A 
steel specimen was prepared for this purpose, and the MEMS transducers and the 
ultrasonic transducer were mounted to the specimen. The details of the specimen are 
explained in Section 4.4.1. 
 
In Section 2.2.3.4, various methods to generate simulated acoustic emissions were 
described. The current test conditions of the MEMS transducers did not exhibit sufficient 
sensitivities to be excited by the most common AE simulation method, pencil lead break. 
Therefore, a commercial ultrasonic pulse transducer with 1 MHz center frequency was 
used as the simulated acoustic emission source. The ultrasonic transducer initiates a high 
amplitude pulse signal that propagates through the specimen in the form of stress waves 
to the surface of the MEMS transducers. The MEMS transducers convert the dynamic 
surface displacement at the surface due to stress waves to the voltage outputs.  
 
4.4.1. Experiments with 1 MHz Ultrasonic Transducer Coupled to a Steel Specimen 
Figure 4.16 shows the dimensions of the steel plate specimen used in these experiments. 
Figure 4.17 shows the test setup. As shown in this figure, three test configurations were 
used to determine the resonant frequencies and sensitivities of the MEMS transducers:  
 
1. The MEMS transducers were excited by the ultrasonic transducer (Figure 4.17a). The 
ultrasonic transducer was the source; the MEMS transducers were the detectors. The 
ultrasonic transducer was placed on the opposite surface of the MEMS transducers.  
2. The ultrasonic transducer (1 MHz center frequency) was used as both source and 
detector (Figure 4.17b).  Two ultrasonic transducers were placed opposite surfaces of 
the specimen.   
3. The ultrasonic transducer was used as the detector; a pencil lead break was used as 
the source (Figure 4.17c). The pencil lead break was applied to the same location in 
which the ultrasonic transducer as the source was placed as shown in Figure 4.17b. 
 
It is noted here that measures that would minimize the coupling of the MEMS transducers 
with externally generated noise, such as careful shielding and low-noise pre-
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amplification, were not employed in these pilot experiments. Such measures were used in 
later experiments described in Chapter 5.  
 
4.4.1.1. The evaluation of the first experiment 
Figure 4.17a shows the layout for the first experiment. Figure 4.18 shows a photograph of 
the experiment. In this photograph, the ultrasonic transducer on the right underside of the 
steel plate was not involved in this experiment. A vacuum tube was used to evacuate air 
from the MEMS transducers so the transducers could be tested in coarse vacuum 
environment (below atmospheric pressure). A Krautkramer 1-MHz MSW-QC ultrasonic 
transducer, placed on the opposite surface of the MEMS device, was used as the source. 
This transducer was driven by a Krautkramer USPC-2100 function generator operated at 
75-ohm pulser damping with HI pulser voltage and HI pulser energy settings.   
 
In the first experiment, the MEMS transducers were made as sensitive as reasonably 
possible by operating in coarse vacuum at a relatively large bias voltage Vbias, and with a 
pre-amplifier having a gain of 50 together with 300 Hz high pass filtering.   
 
Diaphragm transducers 
Figures 4.19 to 4.22 present the experimental results for the four diaphragm transducers. 
Part (a) of each figure is the input signal in the time and frequency domains, and parts (b) 
and (c) are the output signals of the diaphragm transducers in the time and frequency 
domains for bias voltages of 0 VDC and 6 VDC, respectively. In the part (c) of each figure, 
the resonant frequencies of the diaphragm transducers obtained by admittance 
measurements are shown by dashed lines. The resonant frequencies from the mechanical 
tests presented in this section are shown by solid lines. The resonant frequency values for 
both experiments (admittance and mechanical) are labeled on the figures as well.  
 
The experiments under 0 VDC bias voltage (part (b) of each figure) show that the 
diaphragm transducers cannot detect any signal when the bias voltage is turned off. Stray 
electrical coupling can often induce a response which could be misinterpreted as a 
transducer signal, and that performing a test at 0 VDC is a control test assuring that the 
signal at a non-zero bias voltage is produced by the transducer.  
 
The experiments under 6 VDC bias voltage (part (c) of each figure) show that the 
diaphragm transducers exhibited single resonant frequencies under the mechanical input. 
As shown in the figures, the center frequencies of the diaphragm transducers are very 
close to the admittance measurement results. For example, diaphragm-C2 (Figure 4.19c) 
has a center frequency of 1110 kHz, which compares well to the 1065 kHz obtained from 
the admittance measurement. Diaphragm-C5 (Figure 4.22c) has a center frequency of 345 
kHz, which compares well to the 359 kHz obtained from the admittance measurement. In 
general, the diaphragm transducers exhibited more clearly defined peaks in the 
mechanical experiments than in the admittance measurements. However, the reason for 
this is not clear. Note that the comparison of the frequencies of the diaphragm transducers 
obtained by the admittance measurements and the mechanical input using pencil lead 
break is presented in more detail later in Chapter 5. 
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Piston transducers 
Figures 4.23 to 4.26 show the experimental results for the four piston transducers. Part (a) 
of each figure is the input signal in the time and frequency domains, and parts (b) and (c) 
are the output signals of the piston transducers in the time and frequency domains for bias 
voltages of 0 VDC and 5 VDC, respectively. In the part (c) of each figure, the first and 
second frequencies of the piston transducers obtained by admittance measurements are 
shown by dash-dot lines and dashed lines, respectively. The two resonant frequencies 
from the mechanical tests presented in this section are shown by solid lines. The resonant 
frequency values for both experiments (admittance and mechanical) are labeled on the 
figures as well.  
 
As obtained by the diaphragm transducers, the experiments under 0 VDC bias voltage 
(part (b) of each figure) show that the piston transducers cannot detect any signal when 
the bias voltage is turned off. 
 
The experiments under 5 VDC bias voltage (part (c) of each figure) show that the piston 
transducers exhibited two resonant frequencies under the mechanical input. As shown in 
the figures, the center frequencies of the piston transducers are very close to the 
admittance measurement results. For example, piston-A1 (Figure 4.23c) has center 
frequencies of 110 kHz and 166 kHz, which compare well to the 112 kHz and 166 kHz 
obtained from the admittance measurement.  Piston-B2 (Figure 4.24c) has center 
frequencies of 156 kHz and 225 kHz, which compare well to the 153 kHz and 224 kHz 
obtained from the admittance measurement. 
 
However, for some piston transducers, it is difficult to see the contributions of two 
resonant frequencies of the piston transducers in the output signals (e.g., piston-A3). A 
possible explanation for this observation is as follows. The 1 MHz ultrasonic transducer 
creates a stress pulse perpendicular to the surface of the MEMS transducers. As a result, 
the second mode shapes (translational modes) of the piston transducers match with the 
shape of the dynamic surface displacement. It is thought that the second frequencies 
(translational frequencies) of the piston transducers contributed to the output signals more 
than their first frequencies (rotational frequencies).  
 
Further discussion of the first experiment 
The mechanical experiments showed that the MEMS transducers could detect stress 
waves propagating in a material generated by a mechanical input even though the 
mechanical input was not a real acoustic emission source. 
 
The diaphragm transducers were more sensitive than the piston transducers to the 1 MHz 
ultrasonic transducer source. The reason for this might be as follows. The 1 MHz 
ultrasonic transducer had a frequency amplitude spectrum with maximum value close to 1 
MHz. As the input signal had high amplitude frequency components which were closer to 
the resonant frequencies of the diaphragm transducers (high frequency transducers) than 
those of the piston transducers (low frequency transducers), the diaphragm transducers 
exhibited higher amplitude output signals as compared to the piston transducers.  
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As expected, the MEMS transducers detected the input signal at approximately 0.5 µs 
after the generation of the stress pulse by the ultrasonic transducer (the stress wave path 
length is 2.54 cm and the velocity of the longitudinal wave in steel is 5950 m/sec). The 
amplitudes of the detected signals for the diaphragm transducers and piston transducers 
were about 40 mV and 10 mV, respectively, as shown in Table 4.8. Note the ringing of 
the transducer in both cases.  The MEMS transducers had a very narrow bandwidth at 
their resonant frequencies and showed a zero frequency response below resonance under 
the coarse vacuum condition. 
 
4.4.1.2. The evaluation of the second experiment 
Figure 4.17b shows the layout for the second experiment. In this test, the ultrasonic 
transducer was used as the detector in the place of the MEMS transducers.  
 
Figure 4.27 shows the experimental results of ultrasonic transducer to the excitation 
provided by another ultrasonic transducer.  The experiment was repeated three times, and 
each result was presented in parts (a), (b) and (c) of Figure 4.27. Each part presents the 
output signals of ultrasonic transducers in the time and frequency domains. The signals of 
the repeated experiments have very close amplitudes. The maximum signal amplitude is 
approximately 2.3 V as shown in Table 4.8.  This result suggests that as a detector, the 
Krautkramer 1-MHz MSW-QC ultrasonic transducer is more sensitive by a factor of 
about 57 (2.3V/40mV) than the diaphragm transducers. 
 
4.4.1.3. The evaluation of the third experiment 
Figure 4.17c shows the layout for the third experiment. In this experiment, the ultrasonic 
transducer was used as the detector, and a pencil lead break was used as the source. The 
experiment was repeated three times, and each result is presented in parts (a), (b) and (c) 
of Figure 4.28. Each part presents the output signals of ultrasonic transducers in the time 
and frequency domains. The signals of the repeated experiments have very close 
amplitudes. The maximum signal amplitude is approximately 90 mV as shown in Table 
4.8.   
 
4.4.1.4. The evaluation of the three experiments 
The expected signal amplitudes for the MEMS transducers to a pencil lead break were 
computed as follows. During the first and second experiments, the sources were used as 
the same (the ultrasonic transducer) for the detectors as the MEMS transducers and the 
ultrasonic transducer. These experiments enabled the comparison of the relative 
sensitivities of the MEMS transducers and the ultrasonic transducer.  
 
As presented in Section 4.4.1.2, the ultrasonic transducer was about 57 times more 
sensitive than the diaphragm transducers. The third experiment showed the sensitivity of 
the ultrasonic transducer to a pencil lead break. The output signal of the ultrasonic 
transducer had approximately 90 mV amplitude. Using a linear proportion between the 
sensitivities of the MEMS transducers and the ultrasonic transducer, the amplitudes of the 
diaphragm transducers to a pencil lead break are expected to be about 1.6 mV 
(90mV/57). A similar calculation was repeated for the piston transducers, and the 
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amplitudes of the piston transducers to a pencil lead break are expected to be about 0.4 
mV. These signal amplitudes are within the range of the noise (about 2 mV) in the 
current implementation, making it impractical to trigger using the MEMS transducer as 
the trigger source. The sensitivity levels of the G1 transducers under their current 
experiment conditions are not sufficient to detect most real AE sources. 
 
The experiments described in this section showed that the MEMS transducers could 
detect a mechanical input. On the other hand, their sensitivity levels were not sufficient to 
detect conventional simulated acoustic emissions (e.g., pencil lead break). As a next step, 
the transducer sensitivity levels were improved using a breadboard and custom designed 
low-noise pre-amplifier. The capabilities of the MEMS transducers to detect the pencil 
lead break input with approximately 100 mV output signal amplitudes are presented in 
Chapter 5.  
 
4.5. SUMMARY 
This chapter presented the experimental characterizations of the G1 transducers, and 
compared their responses with the analytical values. The following are the major 
conclusions of this chapter: 
 
1. The capacitance measurements showed that the G1 transducers exhibited their 
expected behaviors to the electrostatic loading as a parabolic relationship between 
capacitance C and bias voltage Vbias. 
2. The G1 transducers detected both electrical input and mechanical input (simulated 
acoustic emission) successfully. 
3. The experimental and analytical Co and C1 values of the G1 transducers differed by a 
factor as large as 2.0. It is concluded that the analytical models for the 
characterization of the G1 transducers are sufficiently accurate.  
4. The admittance measurements in coarse vacuum showed that the diaphragm 
transducers exhibit one resonant frequency while the piston transducers exhibit two 
resonant frequencies. 
5. Experimental resonant frequencies of the diaphragm transducers are between the 
pinned support and fixed support assumptions.  
6. Experimental resonant frequencies of the piston transducers are in good agreement 
with their analytical values. It is concluded that the idealized systems of the piston 
transducers are sufficiently accurate. 
7. The admittance measurements in atmospheric pressure showed that the G1 
transducers are highly influenced by squeeze film damping. Therefore, the G1 
transducers need to be evacuated in order to function with sufficient sensitivity to 
detect acoustic emissions. 
8. The experiments under 0 VDC bias voltage showed that the MEMS transducers can 
not exhibit their resonance behaviors when the bias voltage is turned off. The result 
assures that the signals at a non-zero bias voltage are produces by the transducers.  
9. Profilometer measurements showed that the piston transducers likely exhibit less 
deformation due to residual stress from the surface micromachining method than that 
of the diaphragm transducers. 
  4-14
10. Mechanical experiments with a 1 MHz ultrasonic transducer as a simulated AE 
source showed that the resonant frequencies of the MEMS transducers are in good 
agreement with the results of the admittance measurements and with the analytical 
values.  
11. Mechanical experiments showed that, for the given test setup, the sensitivity levels of 
the MEMS transducers under the current experiment condition are not sufficient to 
detect most real AE sources. 
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Table 4.1 Experimental and analytical Co values for the diaphragm transducers. 
 
 Co (10-11 F) 
Experimental Values C2 D2 C3 D31 C4 D4 C5 D5 
Device 12 3.8 2.9 - - - - 3.7 2.8 
Device 22 - - - 3.0 3.8 3.1 3.9 - 
Device 3 1.7 1.7 1.8 - 1.9 1.9 - 1.7 
Device 4 1.5 1.6 - - 1.7 1.7 - - 
Device 5 1.8 - - - 2.1 2.2 2.2 2.1 
Device 6 1.6 1.6 1.7 - 1.8 1.9 1.8 1.7 
Averaged Values 1.7 1.6 1.7 3.0 1.9 1.9 2.0 1.9 
Analytical 
Values 1.2 1.3 1.4 1.4 1.5 1.5 1.3 1.3 
Difference 
(Averaged-Analytical) 0.5 0.3 0.3 1.6 0.4 0.4 0.7 0.6 
Ratio 
(Averaged/Analytical) 1.4 1.3 1.3 2.2 1.3 1.3 1.5 1.4 
 
1. The measurement value using the probe station was taken as the averaged value as there was no 
measurement using commercial probes. This transducer has the same design as diaphragm-C3. 
2. Tested on the probe station. 
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Table 4.2 Experimental and analytical C1 values for the diaphragm transducers. 
 
 C1 (10-16 F/V2) 
Experimental Values C2 D2 C3 D3 C4 D4 C5 D5 
Device 11 9.7 11.1 - - - - 14.6 12.6 
Device 21 - - - 16.3 36.4 35.7 65.9 - 
Device 3 5.0 8.2 15.7 - 24.8 23.4 - 32.0 
Device 4 5.8 6.8 - - 18.2 17.3 - - 
Device 5 6.8 - - - 47.3 36.9 37.5 69.0 
Device 6 3.7 6.9 11.9 - 25.1 25.5 44.6 45.5 
Averaged  
Values 5.3 7.3 13.8 16.3 28.8 25.8 41.0 48.8 
Analytical 
Values         
 Pinned 
Boundary 3.5 6.3 10.2 10.2 18.9 18.9 30.7 30.7 
 Fixed 
Boundary 0.6 1.1 1.8 1.8 3.3 3.3 5.4 5.4 
Difference 
(Averaged-Analytical)         
 Pinned 
Boundary 1.8 1.0 3.6 6.1 9.9 6.9 10.3 18.1 
 Fixed 
Boundary 4.7 6.2 12.0 14.5 25.5 22.5 35.6 43.4 
Ratio 
(Averaged/Analytical)         
 Pinned 
Boundary 1.5 1.2 1.3 1.6 1.5 1.4 1.3 1.6 
 Fixed 
Boundary 8.8 6.6 7.7 9.1 8.7 7.8 7.6 9.1 
1. Tested on the probe station. 
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Table 4.3 Experimental and analytical Co values for the piston transducers. 
 
 Co (10-11 F) 
Experimental Values A1 B1 A2 B2 A3 B3 A4 B4 A5 B5 
Device 11 - 3.6 2.3 3.1 2.5 3.5 2.6 - 1.3 3.2 
Device 21 - - - - - - - 3.0 - - 
Device 3 2.1 - 1.6 1.7 - 1.7 1.6 - - 1.7 
Device 4 - - 1.5 1.5 1.6 1.6 1.7 1.7 - - 
Device 5 2.2 2.1 1.7 1.7 1.8 1.8 1.9 1.9 1.7 - 
Device 6 1.7 1.8 1.4 1.5 1.7 1.7 1.7 1.7 1.5 1.6 
Averaged  
Values 2.0 1.9 1.6 1.6 1.7 1.7 1.7 1.8 1.6 1.6 
Analytical 
Values 1.6 1.6 1.3 1.3 1.4 1.4 1.4 1.4 1.1 1.1 
Difference 
(Averaged-Analytical) 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.5 0.5 
Ratio 
(Averaged/Analytical) 1.2 1.2 1.2 1.3 1.2 1.2 1.2 1.3 1.5 1.5 
1. Tested on the probe station. 
 
 
 
Table 4.4 Experimental and analytical C1 values for the piston transducers. 
 C1 (10-15 F/V2) 
Experimental Values A1 B1 A2 B2 A3 B3 A4 B4 A5 B5 
Device 11 - 21.6 7.1 7.4 4.1 4.3 3.0 - 4.1 10.9 
Device 21 - - - - - - - 6.7 - - 
Device 3 15.2 - 5.1 4.8 - 2.9 2.0 - - 7.9 
Device 4 - - 3.7 3.7 2.2 2.2 1.5 1.5 - - 
Device 5 20.6 20.9 6.9 6.6 4.1 4.2 3.1 3.2 10.6 - 
Device 6 10.2 11.4 3.8 3.7 2.5 2.7 1.7 1.9 6.3 6.6 
Averaged  
Values 15.3 16.2 4.9 4.7 2.9 3.0 2.1 2.2 8.4 7.2 
Analytical 
Values 12.1 12.1 3.2 3.2 1.7 1.7 0.8 0.8 6.1 6.1 
Difference 
(Averaged-Analytical) 3.2 4.1 1.7 1.5 1.2 1.3 1.3 1.4 2.3 1.1 
Ratio 
(Averaged/Analytical) 1.3 1.3 1.5 1.5 1.7 1.7 2.6 2.7 1.4 1.2 
1. Tested on the probe station. 
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Table 4.5 Experimental and analytical resonant frequencies of the diaphragm 
transducers. 
 
 fh (kHz) 
Experimental Values C2 D2 C3 D3 C4 D4 C5 D5 
Device 1 - 783 - - - - - - 
Device 2 - 828 681 654 467 469 - - 
Device 3 1070 824 635 670 490 496 359 366 
Device 4 1060 812 659  489 483 - - 
Averaged  
Values 1065 812 658 662 482 483 359 366 
Analytical Values         
 Pinned Boundary 712 559 450 450 338 338 253 253 
 Fixed 
Boundary 1230 968 780 780 586 586 439 439 
Difference 
(Averaged-Analytical)         
 Pinned 
Boundary 353 253 208 212 144 145 106 113 
 Fixed  
Boundary -165 -156 -122 -118 -104 -103 -80 -73 
Ratio 
(Averaged/Analytical)         
 Pinned 
Boundary 1.5 1.5 1.5 1.5 1.4 1.4 1.4 1.4 
 Fixed 
Boundary 0.9 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
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Table 4.6 Experimental and analytical first frequencies of the piston transducers. 
 
 fp1 (kHz) 
Experimental Values A1 B1 A2 B2 A3 B3 A4 B4 A5 B5 
Device 1 - 112 146 153 192 194 - - 131 - 
Device 2 - - - - - - 209 - - - 
Device 3 112 - 154 153 - 197 214 - - 136 
Device 4 - - 155 154 196 196 211 211 - - 
Averaged  
Values 112 112 152 153 194 196 211 211 131 136 
Analytical  
Values 97 97 166 166 232 232 343 343 108 108 
Difference 
(Averaged-Analytical) 15 15 -14 -13 -38 -36 -132 -132 23 28 
Ratio 
(Averaged/Analytical) 1.2 1.2 0.9 0.9 0.8 0.8 0.6 0.6 1.2 1.3 
 
 
Table 4.7 Experimental and analytical second frequencies of the piston transducers. 
 
 fp2 (kHz) 
Experimental Values A1 B1 A2 B2 A3 B3 A4 B4 A5 B5 
Device 1 - 164 222 223 291 293 327 - 206 - 
Device 2 - - - - - - 326 - - - 
Device 3 166 - 227 225 - 296 328 - - 197 
Device 4 - - 226 223 295 293 324 324 - - 
Averaged  
Values 166 164 225 224 293 294 326 324 206 197 
Analytical 
Values 112 112 192 192 270 270 394 394 126 126 
Difference 
(Averaged-Analytical) 54 52 33 32 23 24 -68 -70 80 71 
Ratio 
(Averaged/Analytical) 1.5 1.5 1.2 1.2 1.1 1.1 0.8 0.8 1.6 1.6 
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Table 4.8 Mechanical experiment results for the G1 transducers. 
 
Maximum Signal Amplitude (V) 
Detector 
MEMS Transducer Source Ultrasonic 
Transducer Diaphragm Piston 
Ultrasonic Transducer 2.3 0.04 0.01 
Pencil Lead Break 0.09 0.0016 (predicted) 
0.0004 
(predicted) 
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Figure 4.1 SEM photograph of the G1 device 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Photograph of the packaged G1 device 
 
Wirebonds 
MEMS 
device 
Connecting 
pads 
Pins Ceramic 
package
The MEMS device
1 2 3 4 5
A
B
C
D
1 cm
1 cm
  4-22
 
 
Figure 4.3 Experimental data of capacitance measurements and best-fit curve to Equation 
3.1 for two diaphragm transducers: (a) diaphragm-C5; (b) diaphragm-C3. 
(a) 
(b) 
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Figure 4.4 Experimental data of capacitance measurements and best-fit curve to Equation 
3.1 for two piston transducers: (a) piston-A1; (b) piston-A4. 
(a) 
(b) 
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Figure 4.5 Experimental and analytical values of capacitance Co and its change with 
electrostatic loading C1 for the diaphragm transducers: (a) Co; (b) C1. 
(a) 
(b) 
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Figure 4.6 Experimental and analytical values of capacitance Co and its change with 
electrostatic loading C1 for the piston transducers: (a) Co; (b) C1. 
(a) 
(b) 
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Figure 4.7 Admittance measurements in atmospheric pressure and coarse vacuum at 6 
VDC bias voltage: (a) diaphragm-C5; (b) diaphragm-C3. 
(a) 
   (b) 
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Figure 4.8 Admittance measurements in atmospheric pressure and coarse vacuum at 5 
VDC bias voltage: (a) piston-A1; (b) piston-B3. 
(a) 
  (b) 
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Figure 4.9 Experimental and analytical resonant frequencies of the diaphragm 
transducers. 
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Figure 4.10 Experimental and analytical resonant frequencies of the piston transducers: 
(a) the first frequency; (b) the second frequency. 
(a) 
    (b) 
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Figure 4.11 Comparison of experimental and analytical resonant frequencies of the 
piston transducers.  
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Figure 4.12 Admittance measurement of diaphragm-C4 in coarse vacuum and best-fit 
curve to Equation 2.41. 
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Figure 4.13 Profilometer measurements of the diaphragm transducers across: (a) one 
unit; (b) four units. 
(a) 
   (b) 
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Figure 4.14 Profilometer measurements of the piston transducers across: (a) one unit; (b) 
three units. 
 
 
(a) 
   (b) 
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Figure 4.15 SEM photographs: (a) a diaphragm unit; (b) a piston unit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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Figure 4.16 Dimensions of the steel plate specimen. 
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Figure 4.17 Schematic layout of the mechanical experiments: (a) the MEMS transducer 
as detector and ultrasonic transducer as source; (b) ultrasonic transducer as both detector 
and source; (c) ultrasonic transducer as detector and pencil lead break as source.  
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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Figure 4.18 Photograph of the mechanical experiment. 
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Figure 4.19 Mechanical experiment in time and frequency domains for diaphragm-C2 
(Figure 4.17a): (a) source input signal; (b) detector output signal at 0 VDC bias voltage; 
(c) detector output signal at 6 VDC bias voltage. 
 
Figure 4.20 Mechanical experiment in time and frequency domains for diaphragm-C4 
(Figure 4.17a): (a) source input signal; (b) detector output signal at 0 VDC bias voltage; 
(c) detector output signal at 6 VDC bias voltage. 
(a) 
(b) 
(c) 
(a) 
(b) 
(c) 
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Figure 4.21 Mechanical experiment in time and frequency domains for diaphragm-D4 
(Figure 4.17a): (a) source input signal; (b) detector output signal at 0 VDC bias voltage; 
(c) detector output signal at 6 VDC bias voltage. 
 
Figure 4.22 Mechanical experiment in time and frequency domains for diaphragm-C5 
(Figure 4.17a): (a) source input signal; (b) detector output signal at 0 VDC bias voltage; 
(c) detector output signal at 6 VDC bias voltage. 
(a) 
(b) 
(c) 
(a) 
(b) 
(c) 
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Figure 4.23 Mechanical experiment in time and frequency domains for piston-A1 (Figure 
4.17a): (a) source input signal; (b) detector output signal at 0 VDC bias voltage; (c) 
detector output signal at 5 VDC bias voltage. 
 
Figure 4.24 Mechanical experiment in time and frequency domains for piston-B2 (Figure 
4.17a): (a) source input signal; (b) detector output signal at 0 VDC bias voltage; (c) 
detector output signal at 5 VDC bias voltage. 
(a) 
(b) 
(c) 
(a) 
(b) 
(c) 
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Figure 4.25 Mechanical experiment in time and frequency domains for piston-A3 (Figure 
4.17a): (a) source input signal; (b) detector output signal at 0 VDC bias voltage; (c) 
detector output signal at 5 VDC bias voltage. 
 
Figure 4.26 Mechanical experiment in time and frequency domains for piston-B4 (Figure 
4.17a): (a) source input signal; (b) detector output signal at 0 VDC bias voltage; (c) 
detector output signal at 5 VDC bias voltage. 
(a) 
(b) 
(c) 
(a) 
(b) 
(c) 
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Figure 4.27 Ultrasonic transducer output signals in time and frequency domains to the 
excitation by the ultrasonic transducer (Figure 4.17b) repeated three times: (a) test-1; (b) 
test-2; (c) test-3. 
 
 
Figure 4.28 Ultrasonic transducer output signals in time and frequency domains to the excitation by 
pencil lead break (Figure 4.17c) repeated three times: (a) test-1; (b) test-2; (c) test-3. 
 
 
 
(a) 
 
 
 
 
(b) 
 
 
 
 
 
(c) 
 
 
 
(a) 
 
 
 
 
(b) 
 
 
 
 
 
(c) 
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CHAPTER 5 
 
WAVEFORM ANALYSES METHODS USING THE G1 TRANSDUCERS 
SUBJECTED TO SIMULATED ACOUSTIC EMISSIONS  
 
5.1. INTRODUCTION 
This chapter discusses the waveform analyses methods using the output signals of the G1 
transducers subjected to two different simulated acoustic emissions: steel ball impact and 
pencil lead break. Section 5.2 presents the simulations that use the ceramic package of the 
MEMS transducers as the stress wave propagating medium. The output signals of the 
MEMS transducers are evaluated using three waveform analysis methods: (1) frequency; 
(2) hit-based; and (3) time-frequency. Section 5.3 presents the performance of the MEMS 
transducers when they are coupled to a steel plate. Section 5.4 discusses the potential 
capabilities of the MEMS transducers for AE source localization. Section 5.5 summarizes 
the chapter and presents conclusions.   
 
5.2. SIMULATION THROUGH CERAMIC PACKAGE 
In the first part of this chapter, the simulation experiments on the ceramic package of the 
MEMS device are presented. The simulated acoustic emissions were generated directly 
on the ceramic package to eliminate the need for good acoustic coupling between the 
MEMS package and a separate stress wave propagating medium. The simulation methods 
were steel ball impact and pencil lead break. The output signals of multiple MEMS 
transducers were recorded simultaneously using a multi-channel oscilloscope. The 
recorded signals were evaluated using the methods explained in Section 2.2.4.  
 
5.2.1. Acoustic Emission Simulation Methods  
Section 2.2.3.4 presented several methods to generate simulated acoustic emissions, 
including steel ball impact and pencil lead break. These two methods were chosen 
because they are experimentally convenient as well as sufficiently repeatable.  
 
Figure 5.1 shows the source-time functions of steel ball impact and pencil lead break 
[15]. The steel ball impact (Figure 5.1a) has a source-time function that resembles to a 
half-sine wave. The frequency content of the source-time function depends upon the 
diameter of the steel ball, drop height and the ball and impact surface material types [22]. 
For a pencil lead break (Figure 5.1b), when the lead breaks, the fracture energy displaces 
the broken lead tip further into the surface before the local displacement of the surface 
rebounds [15]. A pencil lead break has approximately a flat frequency amplitude 
spectrum up to 1 MHz. 
 
5.2.2. Block Diagrams  
The MEMS device with its package was placed on a breadboard along with a custom-
designed non-inverting operational pre-amplifier using an LM6171 high-speed low-
power op-amp which has 100 MHz gain-bandwidth product. The circuit layout is given in 
Figure 5.2. The circuit has an input resistance of 100 KΩ. The amplifier voltage gain is 
the ratio of 100 KΩ and 10 KΩ. The power sources have 0.1 µF bypassing capacitors to 
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provide signal stability. A 1 pF capacitor limits the low-pass to 2 MHz. The voltage 
offset due to the power supply is not adjusted as the signal detection is set to the AC 
voltage source.  
 
Figures 5.3 and 5.4 show the block diagrams for steel ball impact and pencil lead break 
experiments. The simulation experiments were conducted both in atmospheric pressure 
and coarse vacuum. A tube was sealed over the MEMS device and attached to a vacuum 
pump to control the ambient pressure. As explained in Section 4.3.2, the squeeze film 
damping in atmospheric pressure strongly attenuates the responses of the G1 transducers. 
Therefore, the transducers were evacuated to operate with sufficient sensitivity to detect 
acoustic emissions for the experiments reported in this chapter. Experiments performed in 
atmospheric pressure are referred to as “vacuum off”. Note that the test set-up does not 
provide a perfect vacuum environment, but it does reduce the pressure below atmospheric 
pressure. Experiments performed at less than atmospheric pressure are referred to as 
“vacuum on”. 
 
Bias voltages of 20 VDC and 8 VDC were applied to the diaphragm transducers and the 
piston transducers, respectively. As shown in Sections 3.4.4 and 4.4.1, the output signal 
from a MEMS transducer should disappear when the bias voltage is removed. The 
experiments were conducted both with a bias voltage, referred to as “bias voltage on”, 
and without a bias voltage, referred to as “bias voltage on”. In summary, the MEMS 
transducers were tested in four different experiment cases: (1) vacuum off/bias voltage 
off; (2) vacuum off/bias voltage on; (3) vacuum on/bias voltage off; and (4) vacuum 
on/bias voltage on. For example, the comparison of the cases (3) and (4) can be used to 
verify that the output signals of the MEMS transducer are real. The comparison of the 
cases (2) and (4) can be used to show the effect of vacuum to the performance of the 
MEMS transducers. 
 
As Figures 5.3 indicates, the steel ball impact was repeated for five different ball 
diameters; 0.96 cm, 0.80 cm, 0.64 cm, 0.48 cm, 0.32 cm. In the figure, the five different 
diameter balls are denoted as B1 through B5, and the alpha numeric identifier for each 
ball includes the ball number and diameter. The drop height H was 14.5 cm. The output 
signals of the MEMS transducers were recorded after a pre-amplification gain of 10. The 
tested MEMS transducers are diaphragms C2, D2, C3, C4, C5 and pistons A1, A2, A3, 
B4, A5. A 1 MHz PZT (Krautkramer MSW-QC) transducer was attached to oscilloscope 
channel 2, and used as the trigger channel. This transducer is the same commercial 
ultrasonic pulse transducer used in the experiments presented in Chapter 4. The distances 
between the simulated AE source and the MEMS device, and between the simulated AE 
source and the PZT transducer were 2.94 cm and 5.19 cm, respectively. The thickness of 
the ceramic package is 0.23 cm.  
 
For the pencil lead break experiments shown in Figure 5.4, the output signals of three to 
four MEMS transducers were recorded simultaneously after a pre-amplification gain of 
10. A total of 21 different sets of transducer combinations were tested as shown in Table 
5.1. Diaphragm-D3 and piston-A4 could not be tested as they were damaged during the 
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preparation process explained in Section 4.2. The PZT transducer was connected to the 
external trigger channel. The distances between the simulated AE source and the MEMS 
device, and between the simulated AE source and the PZT transducer were the same and 
approximately 1.12 cm.  
 
The output signals were recorded using a Tektronix TDS2014 series, 100 MHz speed, 4-
channel oscilloscope and its software. The communication between the oscilloscope and 
the data acquisition computer was provided by a GPIB card. The sampling frequencies 
were chosen as 2.5 MHz for the diaphragm transducers and 1 MHz for the piston 
transducers. The sample durations of the diaphragm transducers were 1 msec with 20% 
pre-trigger; the sample durations of the piston transducers were 2.5 msec with 40% per-
trigger. 
 
5.2.3. Interpretation of Experimental Results with Frequency and Hit-Based 
Analyses  
The following are presented in this section: 
 
 Bias voltage and vacuum effects on the performance of the MEMS transducers. 
 Frequency amplitude spectra of the output signals. 
 Amplitude distribution of the output signals with respect to their frequencies. 
 Comparison of the steel ball impact and the pencil lead break inputs using hit-based 
analysis. 
 
5.2.3.1. Steel ball impact 
In the current experiment set-up, the thickness of the ceramic package is not sufficiently 
large to prevent the return of reflected stress waves to the contact point before the end of 
the impact. Therefore, Hertz Impact Theory is not applicable to this experiment set-up 
[22]. However, the theory does provide insight into the energy imparted and the 
frequency content of the source-time function created by the impact of each of the steel 
balls from the smallest diameter to the largest diameter. 
 
The source-time function created by the impact of a ball on a plane surface is discussed in 
Section 2.2.3.4. The equations are applied for the five different diameter balls tested in 
this research. Figure 5.5 shows the source-time functions and frequency amplitude 
spectra of the five different diameter steel balls. The frequency range of the frequency 
amplitude spectra presented in Figure 5.5b is chosen to span the entire frequency range of 
the MEMS transducers.  
 
Figure 5.5a indicates that the amplitude and duration of the source-time function increase 
with the increase of the ball diameter. The frequency contents of the source-time 
functions for the chosen frequency range are different for different ball diameters as 
shown in Figure 5.5b. The figure is different from the frequency amplitude spectrum 
shown in Figure 2.6b because of the chosen frequency range. However, the frequency 
amplitudes for the steel balls decrease for high frequencies for this frequency range as 
well. The effect of ball diameter on the amplitude and frequency content of the input 
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signal is shown through a comparison of the output signals of the MEMS transducers in 
the following sections. 
 
Evaluation of a diaphragm transducer 
The results of diaphragm-C2 tested under the four different experiment cases using the 
five different diameter steel balls, are presented in Figures 5.6 to 5.10. The plots in the 
first column of each figure are the output signals from diaphragm-C2. The plots in the 
second column of each figure are the output signals from the PZT transducer.  
 
Figures 5.6 to 5.10 illustrate several important points. Parts (a) and (c) of each figure 
show the results with 0 VDC bias voltage. Parts (b) and (d) of each figure show the results 
with 20 VDC bias voltage. The comparisons of 0 VDC bias voltage (parts (a) and (c)) and 
20 VDC bias voltage (parts (b) and (d)) show that the MEMS transducer cannot detect any 
signal when the bias voltage is turned off in the given test set-up.  
 
In part (b) of each figure, vacuum=0, so the signal is acquired in atmospheric pressure. In 
part (d) of each figure, vacuum≠0, so the signal is acquired in coarse vacuum. The 
comparison of the output signals of diaphragm-C2 for vacuum=0 and vacuum≠0 cases 
with 20 VDC bias voltage (parts (b) and (d)) of each figure shows that the output signal 
amplitudes and shapes do not vary much when diaphragm-C2 is operated in atmospheric 
pressure or coarse vacuum. Although the figures seemingly indicate that diaphragm-C2 
detects the steel ball impact, careful examination of the results discussed more fully 
below establishes that the transducer is not detected the impact. The response is an 
experimental artifact.  
 
Figure 5.11 shows diaphragm-C2 results in the frequency domain for five different 
diameter balls. The first column presents the results of vacuum=0 with 20 VDC bias 
voltage, and the second column presents the results of vacuum≠0 with 20 VDC bias 
voltage. The MEMS transducer detects low frequency signals under both vacuum=0 and 
vacuum≠0 which are not its experimental (admittance) resonant frequency. The low 
frequencies can be due to the electronic noise or the movement of wires. Note that the 
admittance tests did not include testing at these low frequencies for the MEMS 
transducers, it is not clear if this low frequency peak results from the response of the 
transducer or from an artifact in the electronics of the test set-up.  
 
As mentioned above, the steel ball impact has a limited bandwidth and the frequency 
amplitude decreases when the frequency increases. The experimental (admittance) 
resonant frequency of diaphragm-C2 is 1.06 MHz. The steel ball impact cannot excite the 
resonant frequency of this transducer. That explains the reason why the vacuum is not 
effective on the output signals of diaphragm-C2. Note that the waveform shape of 
diaphragm-C2 is similar to PZT transducer for the biggest diameter ball. 
 
Because the time history signals were recorded, the signals could be filtered after the 
experiment using various filters. Figure 5.12 shows the output signals of diaphragm-C2 
for the case of vacuum≠0 and 20 VDC bias voltage (part (d) of Figures 5.6 to 5.10) after 
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filtering with a 200 kHz high-pass Butterworth filter for five different diameter balls. The 
experimental (admittance) resonant frequency of diaphragm-C2 is shown by dashed lines 
and its value is written on the figure. The transducer exhibits its resonant frequency (1.06 
MHz) only at the experiment with the biggest diameter ball (B1-D0.96). 
 
Evaluation of a piston transducer 
The results of piston-A1 under four different experiment cases and subjected to the steel 
ball impact by five different diameter balls are presented in Figures 5.13 to 5.17. The 
plots in the first column of each figure are the output signals from piston-A1. The plots in 
the second column of each figure are the output signals from the PZT transducer.  
 
The figure presentations are similar to those of diaphragm-C2. Parts (b) and (d) of 
Figures 5.13 to 5.17 show the results with 8 VDC bias voltage, so a signal is detected in 
each case. In part (b) of each figure, vacuum=0, so the signal is acquired in atmospheric 
pressure. In part (d) of each figure, vacuum≠0, so the signal is acquired in coarse 
vacuum. The comparison of parts (b) and (d) shows that the output signal amplitude of 
the MEMS transducer increases when it is operated in coarse vacuum as compared to 
diaphragm-C2.  
 
Figure 5.18 shows piston-A1 results in the frequency domain for five different diameter 
balls. The first column presents the results of vacuum=0 and 8 VDC bias voltage, and the 
second column presents the results of vacuum≠0 and 8 VDC bias voltage. Piston-A1 
detects low frequency signals under both vacuum=0 and vacuum≠0. However, the 
transducer also detects high frequencies close to its resonant frequencies under 
vacuum≠0. 
 
Again, because the time history signals were recorded, the signals could be filtered after 
the experiment using various filters. Figure 5.19 shows the output signals of piston-A1 
for the case of vacuum≠0 and 8 VDC bias voltage after filtering with a 90 kHz high-pass 
Butterworth filter for five different diameter balls. The first and second frequencies of 
piston-A1 obtained by the admittance measurement are shown by dash-dot lines and 
dashed lines, respectively. Their values are written on the figure as well. In steel ball 
impact experiments, piston-A1 has frequencies close to admittance measurement results. 
Compared to diaphragm-C2, piston-A1 successfully detected the steel ball impact 
generated by five different diameter balls. 
 
Evaluation of the diaphragm transducers and the piston transducers for vacuum≠0 
and a bias voltage Vbias  
A series of successful results are presented in this section which establishes that the 
transducers detect steel ball impact by resonance response. A total of 10 different MEMS 
transducers were tested as described above - 5 diaphragm transducers and 5 piston 
transducers. The results of the four other diaphragm transducers tested in a coarse 
vacuum and 20 VDC bias voltage, after post-processing with a 200 kHz high-pass filter, 
are presented in Figures 5.20 to 5.23. The results of the four other piston transducers 
tested in a coarse vacuum and 8 VDC bias voltage, after post-processing with a 90 kHz 
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high-pass filter, are presented in Figures 5.24 to 5.27. The first column of each figure 
presents the output signals in time domain, and the second column of each figure presents 
the output signals in frequency domain. Parts (a) to (e) of each figure show the output 
signals of the MEMS transducers subjected to the steel ball impact by five different 
diameter balls. In each figure, the experimental (admittance) resonant frequencies of the 
MEMS transducers are written on the plots. In general, both experiments, admittance 
measurements and mechanical experiments using steel ball impact, have close values. A 
comparison of resonant frequencies of the MEMS transducers obtained by the admittance 
measurements and mechanical experiments using pencil lead break is presented in detail 
in Section 5.3.3. 
 
Figures 5.20 through 5.27 show that, in general, the low frequency piston transducers 
respond stronger than the high frequency diaphragm transducers to the steel ball impact. 
Figure 5.28 shows the maximum amplitudes of the tested MEMS transducers (shown 
along the top edge of the figure) with respect to their experimental (admittance) 
translational resonant frequencies. Note that the experiments explained above were 
repeated twice and the results of both tests are included in the figure.  
 
Figure 5.5 shows the theoretical frequency amplitude distributions of the impact of five 
different diameter steel balls. It is difficult to match the theory and the experiment as the 
MEMS device includes some discrete frequencies, and the theory is not applicable to the 
current test set-up. Nevertheless, both figures (Figures 5.5 and 5.28) indicate that the 
energies of the low frequencies are higher than the energies of the high frequencies. In 
other words, the frequency amplitudes of the steel ball impact are higher for the low 
frequencies as compared to the high frequencies. Recording the output signals of the 
multiple resonant transducers simultaneously and comparing their relative amplitudes 
provide information about the frequency content of the input signal. It is not possible to 
extract this information using a single resonant AE transducer.  
 
It is noted here that a more accurate amplitude comparison of the MEMS transducers 
requires the identification of their relative sensitivities. As presented in the next section, 
the relative sensitivities of the MEMS transducers can be determined using the pencil 
lead break input. 
 
5.2.3.2. Pencil lead break 
Figure 5.4 shows the block diagram for pencil lead break experiments. The experiments 
were also conducted for the four combinations of vacuum on, vacuum off, bias voltage on 
and bias voltage off that were treated in the steel ball impact experiments. The effect of 
bias voltage on the performance of the MEMS transducers was the same as the steel ball 
impact experiments, and is not treated here. The discussion here focuses on the vacuum 
effect. 
 
Evaluation of the diaphragm transducers 
As shown in Table 5.1, a total of 21 different transducer combinations were tested. 
Figures 5.29 to 5.36 show four transducer combinations of the diaphragm transducers 
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(experiments 1, 4, 5, and 8 in Table 5.1) subjected to the pencil lead break input. The first 
and second columns of Figures 5.29, 5.31, 5.33 and 5.35 present the results in time and 
frequency domains for the tests in atmospheric pressure. The third and fourth columns of 
the figures present the results in time and frequency domains for the tests in coarse 
vacuum. The comparison of the first and third columns shows the amplitude differences 
of the four MEMS transducers. The comparisons of the second and fourth columns show 
their frequency amplitude differences. 
 
The second column of each figure indicates that the low frequencies control the output 
signals of the diaphragm transducers when they were tested in atmospheric pressure. 
Because the time history signals were recorded, the low frequencies could be filtered 
after data acquisition.  When the low frequencies were filtered with a 200 kHz high-pass 
filter as shown in Figures 5.30, 5.32, 5.34 and 5.36 for the tests in coarse vacuum and 20 
VDC bias voltage, high frequencies governed the output signals. The first columns of 
Figures 5.30, 5.32, 5.34 and 5.36 show the signals in the time domain. The second 
columns of these figures show the signals in the frequency domain. In the frequency 
domain figures, the resonant frequencies of the diaphragm transducers are noted. These 
frequencies are close to the frequencies obtained by the admittance measurements. For 
example, diaphragm-C2 (Figure 5.30a) has center frequency of 1050 kHz, which 
compares well to the 1065 kHz obtained by the admittance measurement. Diaphragm-C4 
(Figure 5.32c) has center frequency of 460 kHz, which compares well to the 482 kHz 
obtained by the admittance measurement. 
 
Comparing the output signal amplitudes of the diaphragm transducers subjected to the 
steel ball impact and pencil lead break shows that the source-time function of pencil lead 
break has wider frequency amplitude spectrum than the source-time function of steel ball 
impact.  
 
Evaluation of the piston transducers 
Figures 5.37 to 5.44 show four transducer combinations of the piston transducers 
(experiments 9, 13, 18, and 20 in Table 5.1) subjected to the pencil lead break input. 
Figures 5.37, 5.39, 5.41 and 5.43 present the results in time and frequency domains for 
the tests in atmospheric pressure and coarse vacuum. The figure representations of the 
piston transducers are the same as the diaphragm transducers. 
 
As in the case of the diaphragm transducer, the low frequencies were included in the 
output signals of the piston transducers when they were tested in atmospheric pressure 
(the second columns of Figures 5.37, 5.39, 5.41 and 5.43). Because the time history 
signals were recorded, the low frequencies could be filtered after data acquisition.  When 
the low frequencies were filtered with a 90 kHz high-pass filter as shown in Figures 5.38, 
5.40, 5.42 and 5.44 for the tests in coarse vacuum and 8 VDC bias voltage, higher 
frequencies governed the output signals. The first columns of Figures 5.38, 5.40, 5.42 and 
5.44 show the signals in the time domain. The second columns of these figures show the 
signals in the frequency domain. In the frequency domain figures, the values of the two 
resonant frequencies of the piston transducers are noted. These frequencies are close to 
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the frequencies obtained by the admittance measurements. For example, piston-A1 
(Figure 5.38a) has center frequencies of 110 kHz and 170 kHz, which compare well to 
the 112 kHz and 166 kHz obtained from the admittance measurement. Piston-A2 (Figure 
5.42a) has center frequencies of 140 kHz and 220 kHz, which compare well to the 131 
kHz and 206 kHz obtained from the admittance measurement. 
 
Maximum signal amplitudes of the diaphragm transducers and the piston 
transducers  
Figure 5.45 shows the maximum signal amplitudes obtained from the MEMS transducers 
and their standard deviations. These amplitudes are from the filtered signals. It is known 
that the pencil lead break input provides a good approximation to an impulse excitation, 
that is, it has a flat frequency amplitude spectrum up to 1 MHz. This feature of the pencil 
lead break input makes it possible to compare the relative sensitivities of the MEMS 
transducers as shown in Figure 5.45. The figure is used to compare the maximum signal 
amplitudes of the MEMS transducers. Generally, the replicate transducers have similar 
sensitivities, although in a few cases (e.g., piston-A1 and piston-B1) this was not the 
case.  This may be attributed to the variations in the surface micromachining process, or 
possibly to differences in the location of the transducers on the device.  
 
5.2.3.3. Comparison of steel ball impact and pencil lead break inputs  
A subroutine was written in Matlab to compute several hit-based AE parameters, 
specifically, duration, maximum amplitude, energy and rise time. The threshold value 
was taken as 12 mV. The maximum amplitudes of the MEMS transducers are presented 
in Figures 5.28 and 5.45 for the steel ball impact and the pencil lead break, respectively. 
 
Figure 5.46 shows the energy versus duration plot of the MEMS transducers when the 
steel ball impact and the pencil lead break were used as the simulated acoustic emission 
sources. The plot shows two fairly distinct branches of data - one branch for the pencil 
lead break experiments, and the second branch for the steel ball impact experiments. Note 
that the diaphragm transducers do not contribute to the branch of steel ball impact 
experiments because these transducers do not respond much to this input. 
 
In Figure 5.47, duration and rise time were investigated. It is concluded that rise time 
versus duration cannot be used to separate the two different AE sources.  
  
5.2.4. Interpretation of Experimental Results with Time-Frequency (TF) Analysis  
Section 2.2.5.1 explained two time-frequency (TF) analysis methods in the literature: 
Short Time Fourier Transform (STFT) and Wavelet Transform (WT). Briefly, TF 
analysis of a signal extracts the time variation of each frequency component of the signal. 
It is known that WT provides better resolution in time and frequency as compared to 
STFT. However STFT was chosen here as the TF method because the high resolution in 
time and frequency was not required. Better resolution would be desirable if the arrival 
times varied significantly for different frequencies. However, because the current test set-
up was small, the variation in arrival time was small, and there was no benefit from 
higher resolution of WT.  
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As explained in Chapter 2, STFT splits the signal into overlapping sections and applies a 
window specified by a window parameter to each section. Then, the Fourier transform of 
each section is computed to produce an estimate of the short-term frequency content of 
the signal. The transform equation as given in Equation 2.9 is 
∫+∞
∞−
−−= dtebtWtybF tjωπω )()(2
1),(                   (2.9) 
where y(t) is the signal in the time domain, W(t-b) is the windowing function, b is a 
parameter characterizing time window width. The plot of absolute values of ),( bF ω with 
respect to time and frequency represents the intensity distribution of each frequency with 
time.  
 
The Kaiser Window is chosen here as the windowing function. The Kaiser Window has 
two parameters: the length of the signal to be windowed b and the shape parameter β. By 
varying these two parameters, the window length and shape can be adjusted to trade side-
lobe amplitude for main lobe width [64]. The parameters are chosen to adjust the 
resolution in order to obtain the best display of the output signal. In this research, the 
length as 50 with overlapping 45 and shape parameter β as 4 were chosen by trial and 
error.  
 
Figures 5.48 and 5.49 show the TF images of two examples of transducer combinations 
of diaphragm and piston transducers used in the pencil lead break experiments. The 
horizontal axis presents time, and the vertical axis presents frequency. The shade of the 
image for a frequency becomes darker if the Fourier transform magnitude of the 
frequency, given in Equation 2.9, is high relative to other frequencies. The results of 
these transducer combinations (experiments 1-8-9-18) in the time and frequency domains 
are presented in Figures 5.30, 5.36, 5.38 and 5.42.  
 
To further explain the TF images, Figure 5.48a shows the TF images of the time history 
signals shown in Figure 5.30. Each display has a single frequency controlling the signal 
through the duration of the simulated acoustic emission (shown by the darker line). The 
first image corresponds to diaphragm-C2 which has 1.06 MHz experimental resonant 
frequency obtained by the admittance measurement. Figure 5.30 shows that the amplitude 
of diaphragm-C2 is low compared to other transducers. As diaphragm-C2 has a weak 
time domain signal, the other frequencies also involve in its TF image. The shade 
distribution of TF image of diaphragm-C2 is different than the other transducers.  
 
Another example is given in Figure 5.49a for the piston transducers. Figure 5.49a  shows 
the TF images of the time history signals shown in Figure 5.38. Compared to the 
diaphragm transducers, TF images of the piston transducers have two frequencies 
controlling the signals through the duration of the simulated acoustic emission (shown by 
the two darker lines). 
 
The TF image provides information about the frequency content of a signal through its 
duration. In addition, the width of the frequency using the vertical scale provides 
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information about the bandwidth of the frequency. The length of the frequency using the 
horizontal scale provides information about the duration of the frequency. If the TF 
image is transformed into 2D time versus Fourier transform magnitude for a particular 
frequency (i.e., a slice of time for a particular frequency), the intensity variation of that 
particular frequency through the signal duration can be acquired.  
 
The Fourier transform amplitude at a particular frequency, ωn, as a function of time is 
given by 
      ∫+∞
∞−
−
= −= dtebtWtybF tiabs nn ωωω π )()(2
1)(         (5.1) 
where ωn is the circular resonant frequency of the transducer.  Figure 5.50 shows a plot of 
n
bFabs ωω=)( for the diaphragm transducers used in the transducer combination of 
diaphragms C2, C3, C4, and C5. The experimental (admittance) resonant frequencies of 
the diaphragm transducers were used. Figure 5.50 shows the Fourier transform magnitude 
changes for four diaphragm transducers through the signal duration. The comparison of 
each transducer plot reveals how the intensities of different frequencies change through 
the test duration. Diaphragm-C5, the lowest frequency diaphragm transducer as compared 
to other diaphragm transducers shown in the figure, has the highest amplitude. Each 
diaphragm transducer has a single peak which means that the diaphragm transducers 
detected a single simulated AE event in the sample duration. 
 
5.2.5. Discussion of the Simulated Acoustic Emission Experiments on the Ceramic 
Package 
Two types of simulated acoustic emission tests were performed to show that the G1 
transducers can detect the simulated acoustic emissions successfully and be used to 
perform hit-based analysis. The results presented suggest that the simultaneous detection 
and comparison of multiple resonant transducer output signals reveal how the input signal 
frequencies and corresponding energies change. This conclusion shows the possibility of 
not only hit-based analysis using a single resonant transducer, but also the information 
about the frequency content of the input signal using multiple transducers simultaneously.   
The fundamental limitation of the G1 transducers is that the transducers must operate in 
an evacuated housing to function with sufficient sensitivity to detect acoustic emissions. 
This limitation was overcome in the G2 transducers, as discussed in the subsequent 
chapters.  
 
5.3. SIMULATION THROUGH STEEL PLATE 
In the second part of this chapter, the simulation experiments on a steel plate are 
presented. The purpose is to evaluate whether the MEMS transducers can be used to 
detect stress waves propagation in a solid medium that is properly coupled to the MEMS 
transducers.  
 
The MEMS transducers were tested in two types of experiments: single-device and 
multiple-device. The single-device experiments included recording the output signals of 
multiple MEMS transducers on a MEMS device using a multi-channel oscilloscope. In 
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these experiments the wave velocities of different frequencies were computed. The 
multiple-device experiments included recording the output signals of three MEMS 
transducers on three different MEMS devices which were located at different positions on 
the steel plate. The multiple-device experiments enabled the source localization studies 
using the triangularization method.  
 
The following are presented in this section: 
 
 The comparison of resonant frequencies of the MEMS transducers obtained by single-
device experiments, admittance measurements and analytical values. 
 The computation of the wave velocity in the steel plate using threshold and time-
frequency methods. 
 Reading arrival times of two resonant frequencies of piston transducers using wavelet 
transform. 
 Source localization studies using three MEMS devices and multiple data sets. 
 
5.3.1. Block Diagram of the Single-device Experiments  
Figure 5.51 shows the block diagram of the single-device experiments. In these 
experiments, the bias voltages of 20 VDC and 8 VDC were applied to the diaphragm 
transducers and the piston transducers, respectively. A vacuum pump was attached to the 
MEMS device to control the air pressure. The output signals of three to four MEMS 
transducers were recorded simultaneously after a pre-amplification gain of 10. Data was 
acquired using a 4-channel TDS2014 100 MHz oscilloscope. The communication 
between the oscilloscope and the data acquisition computer was provided by a GPIB 
card. The PZT transducer was mounted close to the simulation point and used as the 
trigger channel.  
 
Figure 5.52 shows the single-device experiment layout and photograph. The test 
specimen was made of a 0.25 cm thick steel plate with 70 cm x 60 cm area. The MEMS 
device was mounted on the steel plate using the same breadboard with the pre-amplifiers 
as explained in Section 5.2.2. The ceramic package of the MEMS device was coupled to 
a 2 cm thick steel block. The opposite surface of the steel block was coupled to the steel 
plate. The couplant material was vacuum grease. The steel block was required to provide 
the acoustic path between the ceramic package and the steel plate. The ceramic package 
cannot touch directly the steel plate because of the pins at its edges (shown in Figure 4.2). 
The ceramic package was clamped to the steel plate with a thin steel bar and clamping 
bolts.  
 
A pencil lead break was used to generate the simulated acoustic emissions. The MEMS 
transducers were tested from four different trigger distances L: 35 cm, 30 cm, 20 cm and 
10 cm. Three replicate tests were performed at each location. A total of ten transducer 
combinations were tested as presented in Table 5.2. Diaphragm-D3 and piston-A4 could 
not be tested as they were damaged during the preparation process explained in Section 
4.2. The sampling frequency was 2.5 MHz for both the diaphragm transducers and the 
piston transducers.  
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5.3.2. Block Diagram of the Multiple-device Experiments 
Figure 5.53 shows the block diagram of the multiple-device experiments. In these 
experiments, the bias voltages of 20 VDC and 8 VDC were applied to the diaphragm 
transducers and the piston transducers, respectively. A vacuum pump was attached to the 
device to control the air pressure. The output signals of three MEMS transducers from 
three MEMS devices were recorded simultaneously after a pre-amplification gain of 10. 
Data was acquired using a 4-channel TDS2014 100 MHz oscilloscope. The PZT 
transducer was mounted close to the simulation point. This transducer was connected to 
channel 4 of the oscilloscope, and used as the trigger channel.  
 
Figure 5.54 shows the experimental layout and photograph of the multi-device 
experiments. The same steel plate described in the single-device experiments was used. 
Three MEMS devices were placed on the steel plate in order to identify the source 
location using the triangularization method. The MEMS transducers were tested from 
four different trigger locations, with three replicate tests performed at each location. A 
total of eight transducer combinations chosen from three devices, presented in Table 5.3, 
were tested.   
 
5.3.3. Comparison of Resonant Frequencies of the MEMS Transducers with 
Admittance Measurements and Analytical Values 
In Chapter 4, the resonant frequencies of the MEMS transducers were determined using 
admittance measurements (electrical input) and compared with the analytical values. It is 
important to show the resonant frequencies of the MEMS transducers using a mechanical 
input.  
 
Tables 5.4 to 5.6 compare the resonant frequencies of the MEMS transducers obtained by 
three methods: analytical method (presented in Chapter 3), admittance measurement 
(presented in Chapter 4) and pencil lead break on the steel plate (presented in this 
chapter). The last columns of the tables show the ratios of analytical and experimental 
resonant frequencies. The results of the two experimental methods, admittance 
measurement and pencil lead break, are close to each other. The analytical and 
experimental resonant frequencies of the MEMS transducers are reasonably in good 
agreement (the difference is less than a factor of 2).   
 
In this study, the admittance measurement results were taken as to define the resonant 
frequencies of the MEMS transducers. The average frequency was taken for replicate 
transducers 
 
5.3.4. Wave Velocity Calculation using the Single-device Experiments 
Section 2.2.5 explained several methods to determine signal arrival times. In this study, 
threshold and time-frequency analysis using wavelet transform were used.  
 
5.3.4.1. Determining arrival times using the threshold method 
Figure 5.55 shows an example of the threshold method using a piston transducer and the 
PZT transducer. The threshold is chosen to separate the noise as shown in the pre-trigger 
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segment of the signal from the initiation of an acoustic emission event. The distance 
between two transducers L is known, so reading the two arrival times gives the velocity 
of the fastest wave using the well-known equation given in the figure.  
 
It is important to note that each transducer may have a different sensitivity to an input 
signal and a different noise level. Figures 5.56 and 5.57 show the output signals of the 
diaphragm transducers (experiment-10) and the piston transducers (experiment-1) and 
their frequency amplitude spectra for four different trigger distances. The transducers 
exhibit varying amplitude signals. Using a static threshold can lead to an error. In this 
section, after a threshold was assigned to a signal, the signal envelope that exceeded the 
threshold was checked if the signal envelope initiated in the pre-trigger segment of the 
signal or in the initiation of the acoustic emission event. If the signal envelope initiated in 
the pre-trigger segment of the signal, a new threshold higher than the previous threshold 
was assigned. The procedure was repeated until the signal envelope initiated in the 
acoustic emission event. The threshold value between 3 mV and 5 mV was iterated to 
determine the arrival times of the MEMS transducers. 
 
Tables 5.7 and 5.8 show the wave velocity results of the diaphragm transducers and 
piston transducers tested in four different trigger distances. As diaphragms C2 and D2 
had very low signal amplitudes, their arrival times could not be determined. The results 
for the closest trigger distance L4 (10 cm) are different than the results for other three 
trigger distances. The thickness of the 2 cm thick steel block which provided the acoustic 
path between the ceramic package and the steel plate was not taken into account. When 
the source-detector distance becomes closer, the error for the velocity calculation 
increases if the source-detector distance (trigger distance) is not accurate. Therefore, only 
L1, L2 and L3 results were used to compute the wave velocity.  
 
Table 5.9 presents the averaged wave velocity results for each frequency. The 
experiments 5, 9 and 10 have two results for 165 kHz, 482 kHz and 362 kHz transducers 
because the replicate transducers (pistons A1 and B1, diaphragms C4 and D4) were tested 
in the same experiments.  
 
Figure 5.58 presents the results shown in Table 5.9 in graphical form. The wave 
velocities of the transducers in the frequency range of 150-500 kHz are close to each 
other and to 2900 m/sec. The difference between two wave velocity results of the 
transducer with 660 kHz resonant frequency is higher compared to other transducers. 
Additionally, the wave velocity of this transducer is lower than other results. In Section 
5.3.4.3, the decreasing branch of the wave velocity curve with the increase of the 
frequency is explained analytically. 
 
 
5.3.4.2. Determining arrival times using wavelet transform (WT) 
Section 2.2.5 explained several TF methods. Section 5.2.4 presented the application of 
STFT. In this section, WT was chosen as the high resolution in both time and frequency 
was needed. As explained in Section 2.2.5, the Gabor wavelet provides the best 
  5-14
resolution in time and frequency concurrently, and each peak for a particular frequency 
corresponds to the arrival of a new waveform. In this study, the complex Morlet with the 
center frequency of 1.0, which is equivalent to the Gabor wavelet, was chosen. The 
Matlab wavelet toolbox was used to perform the wavelet analysis [65]. 
 
Table 5.10 presents the wave velocity results of the diaphragm transducers using WT. For 
some experiments, the wave velocities of the diaphragm transducers could not be 
determined (e.g., diaphragm-C2 in experiment-6 and diaphragm-D2 in experiment-8). 
The output signal amplitudes of these transducers were too low to read the arrival times 
sufficiently accurately. Therefore, their results were not considered.  
 
The ability of TF analysis with WT to separate different frequency arrivals can be used to 
determine the arrival times of the two different resonant frequencies of the piston 
transducers.  Figure 5.59 shows how the arrivals of two frequencies were read from a TF 
image. The top graph represents the wavelet coefficients in the contour form with respect 
to time and scale factor. The scale factor is a function of frequency as 
tf ∆
1  where 
t∆ represents the inverse of the sampling frequency. The two resonant frequencies of the 
piston transducers dominate the contour. The maximum wavelet coefficient of each 
resonant frequency of the piston transducer is identified by the time versus wavelet 
coefficient plot for the particular frequency as shown in Figure 5.59. The peak in the WT 
plot gives the arrival time of the group velocity of a particular frequency. 
 
For all trigger distances, the arrival time of each frequency was read, and the time versus 
trigger distance plot was obtained. The linear coefficient of the linear curve fit gives the 
wave velocity of the particular frequency. Figures 5.60 and 5.61 show two examples of 
the wave velocity determinations of the piston transducers. Tables 5.11 and 5.12 present 
the results. The wave velocities of the first frequencies of the piston transducers are close 
to 2000 m/sec. The results of the second frequencies are close to 3000 m/sec. 
 
Figure 5.62 shows the velocity results obtained by WT for the first frequency of the 
piston transducers. The wave velocities of the first frequencies of the piston transducers 
are close to each other. Figure 5.63 compares the WT results of the second frequency of 
the piston transducers and the WT results of the diaphragm transducers together with the 
threshold results. The threshold results are close to the second frequency (translational 
frequency) results of the piston transducers. The threshold and WT results of the MEMS 
transducers are in good agreement. 
 
5.3.4.3. Comparison of the translational frequency velocity with the analytical result 
Mindlin presented the analytical formula for the flexural waves (the first antisymmetric 
plate modes) developed by the classical plate theory taking into account the shear 
deformation and rotatory inertia [66]. The paper shows that the transverse shear 
deformation accounts entirely for the discrepancy between the classical plate theory and 
the three dimensional theory over the whole wavelength spectrum. The equation, which 
contains the shear-correction term only, is 
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where VS is the shear wave velocity and equals ρυ)1(2 −
E . In this equation, υ  is 
Poisson ratio and taken as 0.3, E is the modulus of elasticity and taken as 200 GPa, ρ  is 
the mass density of plate and taken as 7800 kg/m3, h is the plate thickness and taken as 
0.25 cm, λ  is the wavelength and equals 
wk
π2 where kw is the wave number, κ is 0.9, and 
Vph is the phase velocity. The relationship between the phase velocity and the group 
velocity is [67] 
w
wphg k
VkVV ∂
∂+=                                               (5.3) 
where Vg is the group velocity. It is known that the peak at the WT plot gives the arrival 
time of the group velocity [37]. Figure 5.64 shows the graphical solution of Equation 5.3, 
and Figure 5.65 compares the WT and threshold results for the translational modes of the 
MEMS transducers with the analytical result. The results are reasonably in good 
agreement.  
 
5.3.5. Source Location Studies 
Section 5.3.2 presented the experimental block diagram and set-up of the multiple-device 
experiments. This set-up was used for the source location studies. Eight different 
transducer combinations as presented in Table 5.3 were tested for four different trigger 
locations. As Figure 5.54 indicates, three MEMS devices were connected to the same 
vacuum pump using plastic hoses and connectors. Air leakage at the connection points 
led to the decrease of vacuum level which resulted in an increase in squeeze film 
damping. Therefore, the output signal amplitudes of the MEMS transducers decreased 
and made it more difficult to use the threshold method as the signal to noise ratios were 
very low.  
 
Figures 5.66 and 5.67 show two examples of the output signals of the MEMS 
transducers. Because of the relatively large noise levels apparent in the signals, applying 
the threshold method could lead to erroneous results. The arrival times were identified 
visually reading the time history signals. The wave velocity was taken as 2900 m/sec for 
all transducers as the error would be small for the frequency range as shown in Figure 
5.65. The conventional triangularization method discussed in Section 2.2.5.2 was used to 
identify the source location. The objective is to exploit the advantage of the redundant 
arrival time readings from a point in order to reduce the source location error. 
 
Figure 5.68 shows the results of the source identification experiments. The location of 
Device-1 was taken as the origin. As there are eight data sets to compute each location, it 
is easy to identify the outliers if any exists in the data. The source locations were 
identified successfully using the MEMS transducers. 
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5.4. POTENTIAL CONTRIBUTION OF THE MEMS DEVICE TO AE FOR 
SOURCE LOCALIZATION  
One of the important uses of AE testing is to localize a flaw source in a test specimen 
under load. Section 2.2.5.2 presented AE source localization methods and their 
drawbacks.  Errors in source location occur mainly because of the ambiguous solution of 
the triangularization method due to the double intersections of hyperbolae, errors in 
determining arrival times due to a weak acoustic emission source, and dispersion. The 
experimental results of the G1 transducers using the simulated acoustic emissions show 
the following potential contributions of the MEMS transducers to reducing errors in 
source localization: 
 
 Using the arrival time difference t∆  and velocities of the two resonant frequencies V1 
and V2, a potential circle for the source location with the radius of 
1
21
11
−



 −∆=
VV
tr  is 
obtained from a single transducer. This property reduces the error boundary. 
 Redundant measurement from a point on the test structure reduces the arrival time 
reading error. 
 
5.5. SUMMARY 
This chapter showed the acoustic emission detection capabilities of the MEMS 
transducers in two parts. In the first part, the ceramic package was used as the stress wave 
propagation medium, and the steel ball impact and the pencil lead break were used as the 
simulated acoustic emissions. The output signals of the MEMS transducers were 
evaluated using frequency, hit-based, and time-frequency analyses.  In the second part, 
the MEMS transducers were coupled to a steel plate and tested using the pencil lead 
break input. The aim was to show that they could be used to detect stress wave 
propagation in a medium that was properly coupled to them.  
 
The following are the main conclusions of this chapter: 
 
1. Redundant measurement from a point on the test structure reduces the arrival time 
reading error. 
2. The improved packaging of the MEMS transducers using a breadboard and low-noise 
pre-amplifier made possible the detection of the simulated acoustic emissions (steel 
ball impact and pencil lead break). 
3. The resonant frequencies of the MEMS transducers obtained by mechanical input 
(simulated acoustic emission), electrical input (admittance measurement) are in good 
agreement with the results from analytical methods. 
4. The ability of wavelet transform to separate the arrival times of different frequencies 
show that the two resonant frequencies of the piston transducers have separate 
velocities. This indicates that the medium is dispersive. 
5. Using the arrival time difference t∆  and velocities of the two resonant frequencies of 
the piston transducers V1 and V2 in a dispersive environment, a potential circle for the 
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source location with the radius of 
1
21
11
−



 −∆=
VV
tr  is obtained from a single 
transducer. 
6. The comparison of the analytical values of the first antisymmetric plate mode 
velocities with the threshold and wavelet transform results for the translational modes 
of the MEMS transducers show that they are in reasonably good agreement.  
7. As expected, the MEMS transducers cannot detect any signal when the bias voltage is 
turned off. 
8. The low frequency piston transducers have higher amplitude signals than the high 
frequency diaphragm transducers when the transducers are subjected to the steel ball 
impact and pencil lead break inputs. 
9. The pencil lead break has a flat frequency amplitude spectrum up to 1 MHz. This 
feature makes it possible to compare the relative sensitivities of the MEMS 
transducers. 
10.  The careful analysis in the frequency domain was undertaken to identify 
experimental artifacts. 
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    Table 5.1 Transducer combinations used in the pencil lead break experiments on the ceramic package.  
 
Transducer 
Pistons Diaphragms Experiment 
A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C2 C3 C4 C5 D2 D3 D4 D5 
1           √ √ √ √     
2               √  √ √ 
3           √ √   √    
4           √  √  √  √  
5           √   √ √   √ 
6            √ √    √  
7            √  √    √ 
8             √ √   √ √ 
9 √ √ √  √              
10      √ √ √ √          
11      √ √ √  √         
12 √ √    √ √            
13 √  √   √  √           
14 √     √   √          
15 √    √ √    √         
16  √ √    √ √           
17  √     √  √          
18  √   √  √   √         
19   √     √ √ √         
20   √  √   √  √         
21     √   √ √ √         
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     Table 5.2 Transducer combinations used in the single-device experiments on the steel plate. 
 
Transducer 
Pistons Diaphragms Experiment 
A1 A2 A3 A4 A5 B1 B2 B3 B4 B5 C2 C3 C4 C5 D2 D3 D4 D5 
1      √  √ √          
2       √  √ √         
3 √  √  √              
4  √ √  √              
5 √     √   √          
6           √ √  √     
7           √  √ √     
8               √  √ √ 
9             √  √  √  
10            √  √    √ 
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Table 5.3 Transducer combinations used in the multiple-device experiments on the steel 
plate. 
 
 
 
 
 
Table 5.4 Comparison of the resonant frequencies of the diaphragm transducers obtained 
from analytical methods, admittance measurements and pencil lead break tests on the 
steel plate. 
 Method Ratio 
Analytical 
(Fixed Support) Admittance 
Pencil Lead 
Break Diaphragm 
fhf (kHz) fh (kHz) fh (kHz) 
Analytical/ 
Admittance 
Analytical/ 
Pencil Lead 
Break 
C2 1230 1065 1065 1.15 1.15 
D2 968 812 830 1.19 1.17 
C3 780 658 660 1.19 1.18 
C4 586 482 470 1.22 1.25 
D4 586 483 470 1.21 1.25 
C5 439 359 330 1.22 1.33 
D5 439 366 330 1.20 1.33 
 
 
 
 
 
Transducer 
Experiment 
Device-1 Device-2 Device-3 
1 piston-A2 piston-A5 piston-A2 
2 piston-B2 piston-A5 piston-B2 
3 piston-A1 piston-A5 piston-A3 
4 piston-B1 piston-B5 piston-B4 
5 piston-B4 piston-B5 piston-B4 
6 diaphragm-C4 diaphragm-C4 diaphragm-C4 
7 diaphragm-D5 diaphragm-D4 diaphragm-C3 
8 diaphragm-C3 diaphragm-C5 diaphragm-C4 
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Table 5.5 Comparison of the first frequencies of the piston transducers obtained from 
analytical methods, admittance measurements and pencil lead break experiments on the 
steel plate. 
Method Ratio 
Analytical Admittance Pencil Lead Break Piston 
fp1 (kHz) fp1 (kHz) fp1 (kHz) 
Analytical/ 
Admittance 
Analytical/ 
Pencil Lead 
Break 
A1 97 112 105 0.87 0.92 
B1 97 112 105 0.87 0.92 
A2 166 152 152 1.09 1.09 
B2 166 153 152 1.08 1.09 
A3 232 194 190 1.20 1.22 
B3 232 196 180 1.18 1.29 
B4 343 211 185 1.63 1.85 
A5 108 131 125 0.82 0.86 
B5 108 136 125 0.79 0.86 
 
 
 
Table 5.6 Comparison of the second frequencies of the piston transducers obtained from 
analytical methods, admittance measurements and pencil lead break experiments on the 
steel plate. 
Method Ratio 
Analytical Admittance Pencil Lead Break Piston 
fp2 (kHz) fp2 (kHz) fp2 (kHz) 
Analytical/ 
Admittance 
Analytical/ 
Pencil Lead 
Break 
A1 112 166 185 0.67 0.61 
B1 112 164 180 0.68 0.62 
A2 192 225 225 0.85 0.85 
B2 192 224 225 0.86 0.85 
A3 270 293 285 0.92 0.95 
B3 270 294 285 0.92 0.95 
B4 394 324 310 1.22 1.27 
A5 126 206 200 0.61 0.63 
B5 126 197 200 0.64 0.63 
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Table 5.7 Wave velocity (m/sec) results for the diaphragm transducers using the 
threshold method. 
C2 (fh=1065 kHz) C3 (fh=660 kHz) C5 (fh=362 kHz) 
Exp.-6 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 - - - 2852 2878 2883 3117 3136 3131 
L2 - - - 3049 3151 2924 3261 3165 3171 
L3 - - - 2667 1667 1639 2985 3077 2985 
L4 - - - 2439 2381 2439 3030 3030 3030 
          
C2 (fh=1065 kHz) C4 (fh=482 kHz) C5 (fh=362 kHz) 
Exp.-7 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 - - - 3211 3205 3185 3188 3182 3185 
L2 - - - 3043 3012 3024 3093 3086 3086 
L3 - - - 3215 3300 3289 3195 3279 3268 
L4 - - - 3401 3289 3344 3356 3333 3300 
          
D2 (fh=812 kHz) D4 (fh=482 kHz) D5 (fh=362 kHz) 
Exp.-8 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 - - - 2946 2936 2946 3114 3114 3136 
L2 - - - 3012 3012 3086 3261 3261 3261 
L3 - - - 2967 2924 3012 3367 3268 3289 
L4 - - - 2841 2907 2257 3165 3205 2160 
          
D2 (fh=812 kHz) C4 (fh=482 kHz) D4 (fh=482 kHz) 
Exp.-9 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 - - - 3147 3147 3211 3114 2917 3176 
L2 - - - 3191 3401 3198 3036 3093 3055 
L3 - - - 3333 3226 3367 3289 2924 2950 
L4 - - - 3333 2890 3401 3247 3125 3226 
          
C3 (fh=660 kHz) C5 (fh=362 kHz) D5 (fh=362 kHz) 
Exp.-10 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2518 3193 3059 3159 3170 3170 3136 3147 3136 
L2 3297 2830 2970 3219 3289 3233 3261 3261 3304 
L3 2976 2976 3145 3289 3289 3311 3226 3226 3247 
L4 3125 3571 3623 3521 3497 3623 4032 3356 3472 
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Table 5.8 Wave velocity (m/sec)  results for the piston transducers using the threshold 
method. 
B1 (fp2=165 kHz) B3 (fp2=295 kHz) B4 (fp2=325 kHz)  
Exp.-1 Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2946 3043 2946 3070 3065 2956 3070 3076 2522 
L2 2913 3018 2901 3030 3030 3030 2935 2947 2935 
L3 2890 2899 2874 2907 2915 3030 2907 2933 2890 
L4 2475 2481 2463 2525 2532 2591 3846 2532 2304 
          
B2 (fp2=225 kHz) B4 (fp2=325 kHz) B5 (fp2=200 kHz) 
Exp.-2 Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2997 3004 2997 2778 3015 3007 2897 2905 3205 
L2 2985 2890 2885 2927 2890 2655 2871 2863 2521 
L3 3030 2920 2920 3030 2963 2920 2985 2920 2878 
L4 2778 2778 2778 2841 2551 2809 2500 2500 2475 
          
A1 (fp2=165 kHz) A3 (fp2=295 kHz) A5 (fp2=200 kHz) 
Exp.-3 Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2919 2914 2936 3051 2944 2946 2929 2905 2926 
L2 2907 2907 2613 3049 3049 3049 2907 2907 2907 
L3 2729 2782 2732 2759 2981 3086 2743 2766 2732 
L4 2342 2358 2331 2660 2660 2625 2358 2381 2375 
          
A2 (fp2=225 kHz) A3 (fp2=295 kHz) A5 (fp2=200 kHz) 
Exp.-4 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 3084 2966 2981 3009 3327 2981 2979 2692 2461 
L2 3000 3033 3043 2830 3175 3055 2896 2904 3018 
L3 3247 3058 3077 3289 3096 3236 3049 2865 2899 
L4 2841 2899 2857 2874 2933 2857 2551 2571 2538 
          
A1 (fp2=165 kHz) B1 (fp2=165 kHz) B4 (fp2=325 kHz) 
Exp.-5 Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2902 2890 2907 2461 2881 2997 3002 2909 3017 
L2 3036 3021 3033 3012 3021 3148 3049 3148 3058 
L3 3077 2985 3106 3077 2985 3067 3077 3030 3268 
L4 2475 641 2475 2252 2283 2232 2294 2326 2273 
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Table 5.9 Averaged wave velocity (m/sec) results for each frequency using the threshold method. 
 
Piston Diaphragm 
Experiment A1-B1 
fp2=165 
A5-B5 
fp2=200 
A2-B2 
fp2=225 
A3-B3 
fp2=295 
B4 
fp2=325 
C5-D5 
fh=362 
C4-D4 
fh=482 
C3 
fh=660 
1 2936   3003 2912    
2  2893 2893  2909    
3 2826 2858  2990     
4  2862 3054 3111     
5 2995/2961    3062    
6      3114  2634 
7      3173 3164  
8      3230 2982  
9       3247/3061  
10      3236/3215  2996 
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Table 5.10 Wave velocity (m/sec) results for the diaphragm transducers using WT. 
C2 (fh=1065 kHz) C3 (fh=660 kHz) C5 (fh=362 kHz) 
Exp.-6 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 - - - 2825 2857 2874 3038 3065 3065 
L2 - - - 2956 2809 3158 3093 3115 3119 
L3 - - - 2532 2721 2740 2941 3077 2941 
L4 - - - 2347 2646 2083 2857 2817 2857 
          
C2 (fh=1065 kHz) C4 (fh=482 kHz) C5 (fh=362 kHz) 
Exp.-7 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 - - - 3176 3176 3145 3114 3111 3095 
L2 - - - 3030 3000 3018 2970 2953 2956 
L3 - - - 2985 3058 3053 3030 3101 3101 
L4 - - - 2252 2857 2342 3125 3049 3077 
          
D2 (fh=812 kHz) D4 (fh=482 kHz) D5 (fh=362 kHz) 
Exp.-8 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 - - - 2739 2730 2739 3054 3054 3070 
L2 - - - 2717 2727 2715 3138 3138 3132 
L3 - - - 2786 2817 2837 3053 3125 3106 
L4 - - - 2674 2717 2088 2809 2841 2128 
          
D2 (fh=812 kHz) C4 (fh=482 kHz) D4 (fh=482 kHz) 
Exp.-9 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 - - - 3114 3111 3165 2577 2570 2622 
L2 - - - 3178 3226 3185 2703 2752 2703 
L3 - - - 3082 3082 3125 2782 2801 2837 
L4 - - - 2899 2326 2381 2740 2667 2703 
          
C3 (fh=660 kHz) C5 (fh=362 kHz) D5 (fh=362 kHz) 
Exp.-10 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 3211 3004 3038 3097 3103 3095 3070 3084 3081 
L2 2899 2970 3297 3165 3161 3183 3132 3132 3165 
L3 3053 2985 3361 3125 3125 3125 3077 3049 3077 
L4 3077 3226 2941 3333 3226 3333 2985 2994 3049 
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Table 5.11 Wave velocity (m/sec) results for the first (rotational) resonant frequencies of 
the piston transducers using WT. 
B1 (fp1=112 kHz) B3 (f p1=195 kHz) B4 (f p1=210 kHz) 
Exp.-1 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2139 2132 2124 2141 2204 2177 2215 2312 2286 
L2 2076 2063 2092 2083 2086 2091 2128 2143 2174 
L3 1929 1938 1901 1823 1826 1815 1880 1887 1883 
L4 1695 1681 1672 1493 1460 1374 1639 1653 1645 
          
B2 (f p1=152 kHz) B4 (f p1=210 kHz) B5 (f p1=135 kHz) 
Exp.-2 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2212 2208 2215 2300 2295 2285 2255 2236 2232 
L2 2151 2161 1899 2151 2119 2182 2191 2177 2190 
L3 2045 1998 1990 1942 1896 1896 2062 2020 2000 
L4 2114 2114 2114 1773 1792 1761 1618 1613 1618 
          
A1 (f p1=112 kHz) A3 (f p1=195 kHz) A5 (f p1=135 kHz) 
Exp.-3 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2083 2409 2083 2322 2326 2329 2236 2232 2226 
L2 2039 2031 2028 2149 2125 2122 2165 2155 2168 
L3 1855 1869 1864 2004 2020 2008 1974 1986 1984 
L4 1923 1961 1923 1953 2041 1905 1563 1639 1600 
          
A2 (f p1=152 kHz) A3 (f p1=195 kHz) A5 (f p1=135 kHz) 
Exp.-4 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2297 2285 2258 2360 2333 2349 2251 2241 2244 
L2 2247 2290 2256 2264 2273 2276 2206 2230 2209 
L3 2083 2062 2083 2030 2062 2030 2051 2041 2062 
L4 2024 2041 2020 2075 2114 2083 1672 1739 1695 
          
A1 (f p1=112 kHz) B1 (f p1=112 kHz) B4 (f p1=210 kHz) 
Exp.-5 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2081 2065 2083 2108 1677 2083 2264 2280 2273 
L2 2091 2091 2105 2098 2105 2120 2247 2247 2247 
L3 1905 1923 1942 1961 1914 1980 2000 1961 1980 
L4 1852 1905 1626 1689 1718 1695 1667 1667 1645 
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Table 5.12 Wave velocity (m/sec) results for the second (translational) resonant 
frequencies of the piston transducers using WT. 
B1 (f p2=165 kHz) B3 (f p2=295 kHz) B4 (f p2=325 kHz) 
Exp.-1 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2832 2852 2841 2941 3217 2924 3020 3015 3007 
L2 2830 2804 2783 2885 2830 2885 2944 2921 2913 
L3 2695 2740 2688 2762 2770 2732 2817 2849 2801 
L4 2000 2020 2008 2273 2299 2283 2273 2247 2283 
          
B2 (f p2=225 kHz) B4 (f p2=325 kHz) B5 (f p2=200 kHz) 
Exp.-2 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2773 2802 2796 2971 2949 2949 2829 2846 2816 
L2 2740 2742 2752 2885 2890 2871 2817 2796 2804 
L3 2717 2649 2628 2959 2861 2837 2778 2721 2721 
L4 2481 2469 2463 2833 2841 2577 2451 2375 2451 
          
A1 (f p2=165 kHz) A3 (f p2=295 kHz) A5 (f p2=200 kHz) 
Exp.-3 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2857 2850 2846 2857 2897 2961 2869 2874 2876 
L2 2814 2812 2806 3012 2994 2944 2852 2838 2846 
L3 2740 2778 2747 2710 2999 2837 2766 2778 2747 
L4 2299 2364 2309 2551 2564 2532 2364 2392 2398 
          
A2 (f p2=225 kHz) A3 (f p2=295 kHz) A5 (f p2=200 kHz) 
Exp.-4 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2857 2811 2857 2954 2893 2917 2929 2907 2926 
L2 2830 2841 2852 2727 2740 2752 2927 2941 2956 
L3 2759 2721 2778 2837 2878 2857 2878 2899 2899 
L4 2392 2410 2410 2755 2809 2747 2577 2611 2564 
          
A1 (f p2=165 kHz) B1 (f p2=165 kHz) B4 (f p2=325 kHz) 
Exp.-5 
Test1 Test2 Test3 Test1 Test2 Test3 Test1 Test2 Test3 
L1 2800 2789 2823 2778 2811 2789 2929 2900 2954 
L2 2913 2913 2921 2899 2844 2899 3030 3021 3021 
L3 2878 2837 2882 2817 2632 2778 2985 2941 3008 
L4 2232 2247 2198 2000 2041 2000 2469 2500 2439 
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Table 5.13 Averaged wave velocity (m/sec) results for the translational resonant frequencies of the diaphragm 
transducers and the piston transducers using WT. 
 
Piston Diaphragm 
Experiment A1-B1 
fp2=165 
A5-B5 
fp2=200 
A2-B2 
fp2=225 
A3-B3 
fp2=295 
B4 
fp2=325 
C5-D5 
fh=362 
C4-D4 
fh=482 
C3 
fh=660 
1 2785   2882 2920    
2  2791 2733  2907    
3 2805 2827  2912     
4  2917 2811 2839     
5 2861/2804    2976    
6      3050  2830 
7      3047 3071  
8      3096 2756  
9       3140/2705  
10      3130/3096  3090 
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Table 5.14 Averaged wave velocity (m/sec) results for the first (rotational) resonant 
frequencies of the piston transducers using WT. 
 
Piston 
Experiment A1-B1 
fp1=112 
A5-B5 
fp1=135 
A2-B2 
fp1=152
A3-B3 
fp1=195 
B4 
fp1=210
1 2043   2027 2100 
2  2151 2097  2118 
3 2029 2125  2156  
4  2170 2200 2219  
5 2031/2005    2166 
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  (a)             (b)  
 
Figure 5.1 Representative source-time functions: (a) steel ball impact; (b) pencil lead 
break (adapted from [15]).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Amplifier circuit. 
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Figure 5.3 Block diagram for steel ball impact experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Block diagram for pencil lead break experiments. 
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Figure 5.5 Hertz Impact Theory results for five different diameter balls: (a) source-time 
functions; (b) frequency amplitude spectra. 
 
 
 
(a) 
(b) 
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   diaphragm-C2    PZT 
 
Figure 5.6 Steel ball impact experiments using B1-D0.96 for diaphragm-C2 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
   diaphragm-C2    PZT 
 
Figure 5.7 Steel ball impact experiments using B2-D0.82 for diaphragm-C2 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
(a) 
(b) 
(c) 
(d) 
(a) 
(b) 
(c) 
(d) 
vacuum=0 
0 VDC 
vacuum=0 
20 VDC 
vacuum≠0 
0 VDC 
vacuum≠0 
20 VDC 
vacuum=0 
0 VDC 
vacuum=0 
20 VDC 
vacuum≠0 
0 VDC 
vacuum≠0 
20 VDC 
  5-34
   diaphragm-C2    PZT 
 
Figure 5.8 Steel ball impact experiments using B3-D0.64 for diaphragm-C2 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
   diaphragm-C2    PZT 
 
Figure 5.9 Steel ball impact experiments using B4-D0.42 for diaphragm-C2 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
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   diaphragm-C2    PZT 
 
Figure 5.10 Steel ball impact experiments using B5-D0.32 for diaphragm-C2 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
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     vacuum=0          vacuum≠0  
 
Figure 5.11 Steel ball impact experiments in frequency domains for diaphragm-C2 tested 
in atmospheric pressure and vacuum at 20 VDC bias voltage: (a) B1-D0.96; (b) B2-D0.82; 
(c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
 
Figure 5.12 Steel ball impact experiments (in vacuum and 20 VDC bias voltage) for 
diaphragm-C2 in time and frequency domains after 200 kHz high-pass filtering: (a) B1-
D0.96; (b) B2-D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
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  5-37
    piston-A1                                            PZT 
 
Figure 5.13 Steel ball impact experiments using B1-D0.96 for piston-A1 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
    piston-A1      PZT 
 
Figure 5.14 Steel ball impact experiments using B2-D0.82 for piston-A1 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
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      piston-A1     PZT 
 
Figure 5.15 Steel ball impact experiments using B3-D0.64 for piston-A1 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
      piston-A1     PZT 
 
Figure 5.16 Steel ball impact experiments using B4-D0.42 for piston-A1 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
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      piston-A1      PZT 
 
Figure 5.17 Steel ball impact experiments using B5-D0.32 for piston-A1 and PZT 
transducer: (a) vacuum off/bias voltage off; (b) vacuum off/bias voltage on; (c) vacuum 
on/bias voltage off; (d) vacuum on/bias voltage on. 
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     vacuum=0          vacuum≠0 
 
Figure 5.18 Steel ball impact experiments in frequency domains for piston-A1 tested in 
atmospheric pressure and vacuum at 8 VDC bias voltage: (a) B1-D0.96; (b) B2-D0.82; (c) 
B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
 
Figure 5.19 Steel ball impact experiments (in vacuum and 8 VDC bias voltage) for piston-
A1 in time and frequency domains after 90 kHz high-pass filtering: (a) B1-D0.96; (b) B2-
D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
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Figure 5.20 Steel ball impact experiments for diaphragm-D2 (in vacuum and 20 VDC bias 
voltage) in time and frequency domains after 200 kHz high-pass filtering: (a) B1-D0.96; 
(b) B2-D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
 
Figure 5.21 Steel ball impact experiments for diaphragm-C3 (in vacuum and 20 VDC bias 
voltage) in time and frequency domains after 200 kHz high-pass filtering: (a) B1-D0.96; 
(b) B2-D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
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Figure 5.22 Steel ball impact experiments for diaphragm-C4 (in vacuum and 20 VDC bias 
voltage) in time and frequency domains after 200 kHz high-pass filtering: (a) B1-D0.96; 
(b) B2-D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
 
Figure 5.23 Steel ball impact experiments for diaphragm-C5 (in vacuum and 20 VDC bias 
voltage) in time and frequency domains after 200 kHz high-pass filtering: (a) B1-D0.96; 
(b) B2-D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
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Figure 5.24 Steel ball impact experiments for piston-A2 (in vacuum and 8 VDC bias 
voltage) in time and frequency domains after 90 kHz high-pass filtering: (a) B1-D0.96; 
(b) B2-D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
 
Figure 5.25 Steel ball impact experiments for piston-A3 (in vacuum and 8 VDC bias 
voltage) in time and frequency domains after 90 kHz high-pass filtering: (a) B1-D0.96; 
(b) B2-D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
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Figure 5.26 Steel ball impact experiments for piston-B4 (in vacuum and 8 VDC bias 
voltage) in time and frequency domains after 90 kHz high-pass filtering: (a) B1-D0.96; 
(b) B2-D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
 
Figure 5.27 Steel ball impact experiments for piston-A5 (in vacuum and 8 VDC bias 
voltage) in time and frequency domains after 90 kHz high-pass filtering: (a) B1-D0.96; 
(b) B2-D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32.  
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Figure 5.28 Maximum signal amplitudes of  the MEMS transducers with respect to their 
experimental (admittance) translational resonant frequencies: (a) B1-D0.96; (b) B2-
D0.82; (c) B3-D0.64; (d) B4-D0.42; (e) B5-D0.32. 
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    vacuum=0    vacuum≠0 
 
 
   
         (a)                                                       (b) 
Figure 5.29 Pencil lead break experiments in time and frequency domains at 20 VDC bias 
voltage for experiment-1 (diaphragm-C2; diaphragm-C3; diaphragm-C4; diaphragm-C5): 
(a) atmospheric pressure; (b) vacuum. 
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Figure 5.30 Pencil lead break experiments for experiment-1 (in vacuum and 20 VDC bias 
voltage) in time and frequency domains after 200 kHz high-pass filtering tested: (a) 
diaphragm-C2; (b) diaphragm-C3; (c) diaphragm-C4; (d) diaphragm-C5. 
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    vacuum=0    vacuum≠0 
 
 
 
         (a)                                                       (b) 
 
Figure 5.31 Pencil lead break experiments in time and frequency domains at 20 VDC bias 
voltage for experiment-4 (diaphragm-C2; diaphragm-D2; diaphragm-C4; diaphragm-D4): 
(a) atmospheric pressure; (b) vacuum. 
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Figure 5.32 Pencil lead break experiments for experiment-4 (in vacuum and 20 VDC bias 
voltage) in time and frequency domains after 200 kHz high-pass filtering tested: (a) 
diaphragm-C2; (b) diaphragm-D2; (c) diaphragm-C4; (d) diaphragm-D4. 
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    vacuum=0    vacuum≠0 
 
 
 
 
         (a)                                                       (b) 
 
Figure 5.33 Pencil lead break experiments in time and frequency domains at 20 VDC bias 
voltage for experiment-5 (diaphragm-C2; diaphragm-D2; diaphragm-C5; diaphragm-D5): 
(a) atmospheric pressure; (b) vacuum. 
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Figure 5.34 Pencil lead break experiments for experiment-5 (in vacuum and 20 VDC bias 
voltage) in time and frequency domains after 200 kHz high-pass filtering tested: (a) 
diaphragm-C2; (b) diaphragm-D2; (c) diaphragm-C5; (d) diaphragm-D5. 
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    vacuum=0    vacuum≠0 
 
 
 
 
         (a)                                                       (b) 
 
Figure 5.35 Pencil lead break experiments in time and frequency domains at 20 VDC bias 
voltage for experiment-8 (diaphragm-C4; diaphragm-D4; diaphragm-C5; diaphragm-D5): 
(a) atmospheric pressure; (b) vacuum. 
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Figure 5.36 Pencil lead break experiments for experiment-8 (in vacuum and 20 VDC bias 
voltage) in time and frequency domains after 200 kHz high-pass filtering tested: (a) 
diaphragm-C4; (b) diaphragm-D4; (c) diaphragm-C5; (d) diaphragm-D5. 
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         (a)                                                       (b) 
 
Figure 5.37 Pencil lead break experiments in time and frequency domains at 8 VDC bias 
voltage for experiment-9 (piston-A1; piston-A2; piston-A3; piston-A5): (a) atmospheric 
pressure; (b) vacuum. 
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Figure 5.38 Pencil lead break for experiment-9 (in vacuum and 8 VDC bias voltage) in 
time and frequency domains after 90 kHz high-pass filtering tested: (a) piston-A1; (b) 
piston-A2; (c) piston-A3; (d) piston-A5. 
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    vacuum=0    vacuum≠0 
 
 
 
 
         (a)                                                       (b) 
 
Figure 5.39 Pencil lead break experiments in time and frequency domains at 8 VDC bias 
voltage for experiment-13 (piston-A1; piston-B1; piston-A3; piston-B3): (a) atmospheric 
pressure; (b) vacuum. 
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Figure 5.40 Pencil lead break for experiment-13 (in vacuum and 8 VDC bias voltage) in 
time and frequency domains after 90 kHz high-pass filtering tested: (a) piston-A1; (b) 
piston-B1; (c) piston-A3; (d) piston-B3. 
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    vacuum=0    vacuum≠0 
 
 
 
 
         (a)                                                       (b) 
 
Figure 5.41 Pencil lead break experiments in time and frequency domains at 8 VDC bias 
voltage for experiment-18 (piston-A2; piston-B2; piston-A5; piston-B5): (a) atmospheric 
pressure; (b) vacuum. 
 
A2 
B2 
A5 
B5 
  5-59
 
 
Figure 5.42 Pencil lead break for experiment-18 (in vacuum and 8 VDC bias voltage) in 
time and frequency domains after 90 kHz high-pass filtering tested: (a) piston-A2; (b) 
piston-B2; (c) piston-A5; (d) piston-B5. 
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    vacuum=0    vacuum≠0 
 
 
 
 
         (a)                                                       (b) 
 
Figure 5.43 Pencil lead break experiments in time and frequency domains at 8 VDC bias 
voltage for experiment-20 (piston-A3; piston-B3; piston-A5; piston-B5): (a) atmospheric 
pressure; (b) vacuum. 
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Figure 5.44 Pencil lead break for experiment-20 (in vacuum and 8 VDC bias voltage) in 
time and frequency domains after 90 kHz high-pass filtering tested: (a) piston-A3; (b) 
piston-B3; (c) piston-A5; (d) piston-B5. 
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Figure 5.45 Maximum signal amplitudes and standard deviations obtained by the pencil 
lead break experiments: (a) diaphragm transducers; (b) piston transducers. 
(a) 
(b) 
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Figure 5.46 Energy-duration plots for steel ball impact and pencil lead break 
experiments. 
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Figure 5.47 Duration-rise time plots for steel ball impact and pencil lead break 
experiments. 
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(a) 
 
(b) 
Figure 5.48 TF images of two pencil lead break experiments for the diaphragm 
transducers: (a) experiment-1 (diaphragms-C2-C3-C4-C5); (b) experiment-8 
(diaphragms-C4-D4-C5-D5). 
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(a) 
 
(b) 
Figure 5.49 TF images of two pencil lead break experiments for the piston transducers: 
(a) experiment-9 (pistons-A1-A2-A3-A5); (b) experiment-18 (pistons-A2-B2-A5-B5). 
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Figure 5.50 FFT amplitude variations of the resonant frequencies of four diaphragm 
transducers recorded through the duration of a pencil lead break experiment: (a) 
diaphragm-C2; (b) diaphragm-C3; (c) diaphragm-C4; (d) diaphragm-C5. 
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Figure 5.51 Block diagram for the single-device experiments. 
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(b) 
Figure 5.52 Single-device experiments: (a) layout; (b) photograph. 
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Figure 5.53 Block diagram for multiple-device experiments. 
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Figure 5.54 Multiple-device experiments: (a) layout; (b) photograph. 
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Figure 5.55 An example of the threshold method for determining arrival time difference: 
(a) a piston transducer; (b) the PZT transducer. 
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(a) 
 
(b) 
Figure 5.56 Single-device experiments in time and frequency domains for experiment-10 
(diaphragms C3-C5-D5 and PZT transducer): (a) L=35 cm; (b) L=30 cm; (c) L=20 cm; 
(d) L=10 cm. 
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(c) 
 
(d) 
 
Figure 5.56 Continued 
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      (a) 
 
(b) 
Figure 5.57 Single-device experiments in time and frequency domains for experiment-1 
(pistons B1-B3-B4 and PZT transducer): (a) L=35 cm; (b) L=30 cm; (c) L=20 cm; (d) 
L=10 cm. 
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(c) 
 
(d) 
 
Figure 5.57 Continued 
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Figure 5.58 Wave velocity results using threshold method. 
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Figure 5.59 WT method for reading arrival times of the two resonant frequencies of the 
piston transducers. 
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Figure 5.60 Time-trigger distance values using TF method and linear curve fits for 
piston-B3 from experiment-1. 
 
Figure 5.61 Time-trigger distance values using TF method and linear curve fits for 
piston-A1 from experiment-3. 
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Figure 5.62 Velocity results using TF method for the first (rotational) resonant frequency 
of the piston transducers. 
 
 
Figure 5.63 Velocity results using threshold and using TF method for the diaphragm 
transducers and the second (translational) resonant frequencies of the piston transducers. 
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Figure 5.64 Analytical frequency-group velocity curve (dispersion curve) for the flexural 
waves in a 0.25 cm thick steel plate. 
 
 
Figure 5.65 Comparison of experimental frequency-velocity values and analytical 
dispersion curve of the flexural waves in a 0.25 cm thick steel plate. 
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Figure 5.66 Multiple-device experiments in time and frequency domains for experiment-
5 and location-3: (a) piston-B4/device-1; (b) piston-B5/device-2; (c) piston-B4/device-3. 
 
 
Figure 5.67 Multiple-device experiments in time and frequency domains for experiment-
8 and location-3: (a) diaphragm-C3/device-1: (b) diaphragm-C5/device-2: (c) diaphragm-
C4/device-3. 
(a) 
(b) 
(c) 
(a) 
(b) 
(c) 
  5-83
 
 
Figure 5.68 Source location study using multi-channel outputs. 
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CHAPTER 6 
 
DESIGN, MODELING AND ANALYSES OF THE G2 TRANSDUCERS 
 
6.1. INTRODUCTION 
As noted earlier, two generations of capacitive MEMS AE transducers were designed and 
evaluated in this research. This chapter discusses the design, modeling and analyses of 
the G2 (the second generation) transducers. The experience acquired from the design and 
evaluation of the G1 transducers is used to guide the improvements implemented in the 
G2 transducers. Section 6.2 reviews the relevant findings of the G1 transducers that 
established the design objectives of the G2 transducers, and presents the design 
objectives of the G2 transducers. Section 6.3 presents the transducer designs, and 
explains how they are fabricated. Section 6.4 discusses the parameters related to the 
characterization of the G2 transducers. Section 6.6 summarizes the chapter and presents 
conclusions. 
 
6.2. DESIGN OBJECTIVES AND OVERVIEW OF THE G2 DEVICE 
The experience acquired from the design and evaluation of the G1 transducers was 
applied in the design of the G2 transducers. The relevant findings of the G1 transducers 
that established the design objectives of the G2 transducers are the following: 
 
1. Squeeze film damping strongly affected the response of the G1 transducers, leading 
to fast damping of the response and preventing them from operating at atmospheric 
pressure. Therefore, the G1 transducers had to be operated in coarse vacuum in order 
to function properly for the AE detection. 
2. Each diaphragm transducer exhibited one resonant frequency, while each piston 
transducer exhibited two resonant frequencies. 
3. The simulated AE (steel ball impact, pencil break) experiments for the application of 
the waveform analyses methods to the output signals of the G1 transducers showed 
that the piston transducers (low frequency transducers) had higher amplitude signals 
than the diaphragm transducers (high frequency transducers). For example, piston-A1 
has about 80 mV amplitude signal when it is subjected to a pencil lead break input, 
while diaphragm-C2 has about 20 mV amplitude signal under the same input (Figure 
5.45). 
 
Using the findings presented above, the following were established as the design 
objectives of the G2 transducers: 
 
1. Provide a transducer that can operate at atmospheric pressure.  
2. Using only piston transducers.   
Two resonant frequencies of the piston transducer acquired twofold information from 
an AE source as compared to the diaphragm transducer. 
3. Provide a device that spans a narrower frequency range than the G1 device.   
A finding of the G1 transducers suggested that using as wide a frequency range as G1 
device was not needed because lower frequency transducers responded to the 
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simulated acoustic emissions better than high frequency transducers.  Better 
performance would be possible by using a smaller number of transducers, covering 
less of the frequency range, but with greater sensitivity.  
4. Increase the area of individual transducers. 
 
A total of 8 independent MEMS transducers were placed on the G2 device. Figure 6.1 
shows the layout of the G2 device and the design resonant frequencies of the transducers. 
The letters along left margin and numbers along top edge identify the location of each 
transducer (e.g., B1, C1, D1, etc). A new transducer design, referred to as hybrid 
transducer, formed by three layers of the MUMPs, was placed at B1. The small area in 
the region of A2-B2 was used for the exploration of new transducer design concept and a 
rectangular piston transducer, not discussed in this study. 
 
Each piston transducer has two connecting pads. One pad connects to the Poly0 layer, 
and the other pad connects to the Poly1 layer. The hybrid transducer has three connecting 
pads. One pad connects to the Poly0 layer, one pad connects to the Poly1 layer, and the 
remaining pad connects to the Poly2 layer.  
 
The G2 device includes seven piston transducers with the design resonant frequencies of 
100 kHz, 138 kHz, 188 kHz, 262 kHz, 365 kHz, 501 kHz (chosen by logarithmic 
distribution between 100-500 kHz) and 1 MHz. The squeeze film dampings of the piston 
transducers are reduced by placing more etch holes on the Poly1 layer.  
 
As mentioned above, the hybrid transducer placed at B1 has three layers of the MUMPs. 
The hybrid transducer has two freely moving microstructure layers on top of each other: 
one layer made of a piston unit with 357 kHz design resonant frequency, the other layer 
made of a diaphragm unit with 3.1 MHz design resonant frequency. Details of the 
transducers (i.e., number of units, dimensions etc.) are given in the next section. 
 
6.3. TRANSDUCER DESIGN 
As in the case of the G1 transducers, the G2 transducers were also designed using the 
design rules of the MUMPs. The piston transducers on the G2 device are made of two 
microstructure layers (Poly0 and Poly1) of the MUMPs to form two parallel capacitive 
layers separated by air or vacuum. The hybrid transducer is made of three microstructure 
layers (Poly0, Poly1 and Poly2) of the MUMPs to form two different capacitive systems 
using the Poly1 layer as the common layer.  
 
6.3.1. Piston Transducers 
With the exception of the etch hole spacing, the designs of the piston transducers on the 
G2 device are the same as the designs of piston transducers on the G1 device. Figure 3.4 
shows the layout of a piston unit, and Section 3.3.2 describes the design of the piston 
transducers. The piston transducers on the G2 device have square etch holes 5 µm x 5 µm 
in size placed approximately 13 µm center-to-center spacing as compared to 30 µm 
center-to-center spacing of the piston transducers on the G1 device. More etch holes were 
used in the G2 transducers to reduce the squeeze film damping.  
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Table 6.1 summarizes the dimensions of the piston transducers on the G2 device. As in 
the G1 transducers, the dimension of a spring element Ls2, and the mass length Lmp were 
varied to design the piston transducers to operate in the frequency range of 100 kHz-500 
kHz and 1 MHz. Each piston transducer comprises of 49 to 100 piston units connected in 
parallel. Conducting links, rectangular shaped in plan (shown in an SEM photograph in 
Chapter 7), provide electrical connectivity.  
 
Table 6.1 also presents the total areas of the piston transducers. Compared to the piston 
transducers on the G1 device (Tables 3.1 and 3.2), the total areas of the piston transducers 
on the G2 device are increased by a factor between 2 to 3. 
 
6.3.2. Hybrid Transducer 
Figure 6.2 shows the schematic of a hybrid unit and the layer descriptions. The Poly0 
layer is on the substrate and forms a standing microstructure layer. The Poly1 layer is the 
first freely moving microstructure layer and comprises a piston unit. The plan view and 
the cross section of the Poly1 layer are presented in Figure 6.3. The mass is created by 
the Poly1 layer, and the L-shaped spring elements placed to the edge of the mass connect 
this layer to each anchor. A single piston unit has 4 spring elements for the Poly1 layer 
with the dimensions as Ls2 = 26 µm and Ls1 = 10 µm. The design resonant frequency of 
the piston unit is 357 kHz. 
 
The Poly2 layer is the second freely moving microstructure layer and comprises a 
diaphragm unit. The plan view and the cross section of the Poly2 layer are presented in 
Figure 6.4. The diaphragm unit is made of a one directional diaphragm anchored along 
two parallel edges with a width of 66 µm. The design resonant frequency of the 
diaphragm unit is 3.1 MHz. 
 
The thicknesses of the Poly0, Poly1 and Poly2 layers are 0.5 µm, 2.0 µm and 1.5 µm, 
respectively. The gap between the Poly0 layer and Poly1 layer was reduced to 1.25 µm 
using the DIMPLE mask in the MUMPs. The gap between the Poly1 layer and Poly2 
layer is 0.75 µm.  The etch holes for the Poly1 and Poly2 layers were placed at 
approximately 30 µm center-to-center spacing. The etch hole (HOLE1 mask) for the 
Poly1 layer is a square 5 µm x 5 µm in size, while the etch hole (HOLE2 mask) for the 
Poly2 layer is a square 9 µm x 9 µm in size. The MUMPs requires that the HOLE2 
encloses the HOLE1 in each side at least 2 µm in order to properly remove the first oxide 
and the second oxide. The hybrid transducer comprises of 320 hybrid units (40 on the 
short side x 8 on the long side).  
 
As mentioned above, the design resonant frequency of the piston transducer placed in the 
hybrid transducer is 357 kHz. The design resonant frequency of the diaphragm transducer 
placed in the hybrid transducer (above the piston transducer) is 3.1 MHz. The diaphragm 
transducer is about 10 times more rigid than the piston transducer. When the piston 
transducer vibrates, the diaphragm transducer made of the Poly2 layer is assumed to act 
as a standing layer. The hybrid transducer can function as a differential capacitive 
transducer. The differential capacitive transducer is widely used to measure linear 
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displacement and pressure differences, but it is not designed and employed for AE 
detection. This transducer is also applicable to ultrasonic detection with improved 
transmission efficiency [68].  
 
6.4. ELECTROMECHANICAL PARAMETERS  
The electromechanical parameters related to the characterization of the G2 transducers 
are the same as those of the G1 transducers. Section 3.4 presents the main parameters. 
After explaining the system idealization of the piston transducer and the hybrid 
transducer, the electromechanical parameters of each transducer design are presented.  
 
6.4.1. System Idealization 
The idealization of the piston transducer on the G2 device is the same as the idealization 
of the piston transducer on the G1 device, and it is shown in Figure 3.6b. 
 
Figure 6.5 shows the idealization of the Poly1 and Poly2 layers of the hybrid transducer. 
The distributed mass and stiffness of each layer were idealized as in the lumped-mass 
model. Figure 6.5a shows the layout and a sample cross section of the hybrid unit. Figure 
6.5b shows the lumped-mass model of the diaphragm unit (Poly2 layer) as a single 
degree of freedom system in the normal direction to the transducer surface (u1). Figure 
6.5c shows the lumped-mass model of the piston unit (Poly1 layer) as two degrees of 
freedom in the translational (u1) and rotational (u2) directions.   
 
6.4.2. Static Characteristics 
6.4.2.1. Piston transducers 
The capacitance-voltage relationship of the piston transducers as presented in Section 
3.4.2 is 
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The Co values for the piston transducers are computed by substituting the overlapping 
areas of the capacitive layers into the equation 
g
Aoε . The quantity ku presents the 
translational stiffness of a piston unit.  For the piston transducer, C1 equals 
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Each piston unit has sixteen spring elements, and ku equals ck16 . The translational 
stiffness of a spring element kc is computed using Equation 3.7, and the dimensions of 
piston transducers presented in Table 6.1. Table 6.2 presents the results of Co, Cp2, and C1 
for the piston transducers on the G2 device. 
 
6.4.2.2. Hybrid transducer 
As mentioned in Section 6.3.2, the relative stiffnesses of the Poly1 and Poly2 layers 
permit the assumption that the Poly2 layer acts as a standing layer with respect to the 
Poly1 layer. Figure 6.6a shows the idealized behaviors of the Poly1 layer and Poly2 
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layer. Figure 6.6b presents the equivalent circuit model of the hybrid transducer.  The gap 
between the Poly0 layer and Poly1 layer g1 is 1.25 µm, and the gap between the Poly1 
layer and Poly2 layer g2 is 0.75 µm. The capacitive system between the Poly0 layer and 
Poly1 layer is denoted as CL; the capacitive system between the Poly1 layer and Poly2 
layer is denoted as CU. The individual capacitances of CL and CU using Equation 3.1 are 
presented in Table 6.3. 
 
The capacitance of the hybrid transducer as a differential capacitor is computed as 
follows. When the Poly1 layer displaces a distance x towards the Poly0 layer, the 
capacitance equations result in 
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The total capacitance of the hybrid transducer as a differential capacitor CD is 
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where A is the overlapping area of the Poly1 layer with respect to the Poly0 and Poly2 
layers. The total electrostatic force Fnet acting on the Poly1 layer under a bias voltage 
Vbias is 
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where FL is the electrostatic force acting on the Poly1 layer due to CL, and FU is the 
electrostatic force acting on the Poly1 layer due to CU.  
 
The deflection of the Poly1 layer due to Fnet is    
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where Au is the area of the Poly1 layer of a hybrid unit. Substituting Equation 6.8 into 
Equation 6.4 results in 
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where ku is the translational stiffness of the Poly 1 layer of a hybrid unit, and n is the 
number of hybrid units connected in parallel to form the transducer. For the hybrid 
transducer with n equal to 320, Au equal to 1.5E-8 m2, ku equal to 348.8 N/m, Co is 
computed from Equation 6.10 as 91.1 pF and C1 is computed from Equation 6.11 as 
1.1E-14 F.  
 
6.4.3. Dynamic Characteristics  
The dynamic characteristics of the G2 transducers include the resonant frequency, the Q 
factor and the collapse voltage Vcollapse. The sensitivities of the transducers are presented 
separately.  
 
6.4.3.1. Piston transducers 
The dynamic characteristics of the piston transducers on the G2 device are computed 
using the equations presented in Section 3.4.3, and the results are presented in Table 6.4. 
 
As mentioned in Section 6.2, the reduction of the squeeze film damping was one of the 
design objectives of the G2 transducers, so that the piston transducers could function at 
atmospheric pressure. In this study, the squeeze film damping was reduced by changing 
the number and spacing of etch holes on the Poly1 layer.  
 
The reduction in squeeze film damping was presented using the Q factor and Oppenheim 
et al. model [56]. Equation 2.46 shows the squeeze film damping equation due to one 
etch hole. Using the number of etch holes on the Poly1 layer and the deflected shape of 
the Poly1 layer, the Q factor for each transducer is computed.  
 
In the G1 transducers, 5 µm x 5 µm square etch holes were placed 30 µm center-to-center 
spacing. The etch hole size and the spacing of the G1 transducers were taken as the basis 
for the analysis of the Q factor. The effects of the etch hole size and center-to-center etch 
hole spacing on the Q factor were studied. Figure 6.7 shows the change in the Q factor 
for a 115 kHz transducer design and its translational mode shape when the etch hole size 
is increased relative to the base etch hole size and when center-to-center etch hole 
spacing is decreased relative to the base center-to-center spacing . The etch hole size is 
presented as bi which represents the inner radius of the cylinder for the proposed model 
presented in Section 2.4.1. The center-to-center etch hole spacing is presented as bo 
which represents the outer radius of the cylinder for the proposed model presented in 
Section 2.4.1. When bi is increased by the factor of 1.5 from the base etch hole size (5 
µm), the Q factor increases from 0.19 to 0.30. When bo is decreased by the factor of 0.5 
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from the base etch hole spacing (30 µm), the Q factor increases from 0.19 to 1.83. This 
suggests that modifying bo is a more effective way to control the Q factor than modifying 
bi. Therefore, in the designs of the piston transducers on the G2 device, the etch hole size 
was kept the same as the G1 transducers (5 µm x 5 µm), and the center-to-center etch 
hole spacing was decreased from 30 µm to 13 µm.  
 
Table 6.4 summarizes the Q factors of the piston transducers for their translational 
modes.  The comparison of the two piston transducers on the G1 device and the G2 
device which have close resonant frequencies (e.g., piston-A1 on the G1 device and 
piston-C1 on the G2 device) shows that the Q factor of the piston transducer on the G2 
device is 13 times that of the one on the G1 device. 
 
6.4.3.2. Hybrid transducer 
As mentioned earlier, the hybrid transducer was made of two freely moving 
microstructure layers. The first layer was composed of the Poly1 layer in the form of a 
piston transducer as shown in Figure 6.5c. The spring elements of the Poly1 layer have 
the dimensions as Ls1 = 10 µm and Ls2 = 26 µm. The substitution of the dimensions and 
material properties given in Table 2.2 into Equation 3.7 results kc = 87.2 N/m. As shown 
in Figure 6.5c, the piston unit of the hybrid transducer has four spring elements. The mass 
dimensions of the Poly1 layer in the piston unit are 52 µm width, 300 µm length, 2 µm 
thickness. 
 
The translational fd1 and rotational fd2 frequencies of the piston transducer are computed 
using the system idealization shown in Figure 6.5c as 
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where mu is the mass of the Poly1 layer of a hybrid unit and equals 6.94E-11 kg. The 
substitution of mu and kc into Equations 6.12 and 6.13 results in fd1 = 357 kHz and fd2 = 
618 kHz. 
 
The second layer is composed of the Poly2 layer. The Poly2 layer is modeled as a 
diaphragm with two parallel fixed sides and a width of 66 µm. The first resonant 
frequency is computed using the following equation [69] 
d
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where 
)1(12 2
3
υ−=
dEhD , Kd = 8, Nd = 1.5 for the specified boundary condition [69], ρ is the 
mass density, hd is the thickness of the Poly2 layer, ad is the width of the Poly2 layer and 
equals 66 µm. Using the dimensions of the Poly2 layer and the material properties of 
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polysilicon given in Table 2.2, the resonant frequency of the Poly2 layer is computed as 
3.10 MHz. 
 
6.4.4. Sensitivity under Dynamic Surface Displacement  
6.4.4.1. Piston transducers 
The equation used to compute the sensitivity under the dynamic surface displacement for 
the piston transducer on the G2 device is the same as the piston transducer on the G1 
device and equals 
     Q
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Substituting the values 20 VDC bias voltage, g = 1.25E-6 m, Co = 3.4E-11 F and Cp2 = 
4.0E-12 F (from Table 6.2) and Q = 6.18 (from Table 6.4) for piston-D1 into Equation 
3.22 results in 
       688
)(
)( E
tu
tVout =  V/m                 (6.15) 
On the basis of the analytical calculations, the sensitivity of the piston transducer on the 
G2 device is increased about 12 times more than the sensitivity of the diaphragm 
transducer on the G1 device (given by Equation 3.23). The sensitivity of the transducer 
can be increased even further using a pre-amplifier or reducing the ambient pressure in 
order to reduce the squeeze film damping and consequently to increase the Q factor.   
 
6.4.4.2. Hybrid transducer 
The dynamic sensitivity of the hybrid transducer is computed using the equivalent circuit 
model given in Figure 6.6b (the effect of the parasitic capacitances is not included). The 
equation of current conservation at point A [70] is 
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Substituting Equations 6.1 and 6.2 into Equation 6.18 results in    
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The first term of Equation 6.20 is constant. When the oscilloscope is arranged to detect 
an AC signal, the second term of Equation 6.20 is recorded. Substituting x from Equation 
3.19 for dynamic surface displacement )(tu as tje ω  leads to 
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Substituting g1 = 1.25E-6 m, g2 = 0.75E-6 m, 20 VDC bias voltage and Q = 6.18 (the same 
as piston-D1) into Equation 6.21 results in 
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Comparing the results of the piston transducer given in Equation 6.15 and the hybrid 
transducer, the hybrid transducer as a differential capacitor is about 1.4 times more 
sensitive than the G2 piston transducer. 
 
6.6. SUMMARY 
This chapter discussed the design, modeling and analyses of the G2 transducers. The G2 
transducers included seven piston transducers with the design resonant frequencies of 100 
kHz, 138 kHz, 188 kHz, 262 kHz, 366 kHz, 501 kHz (chosen by logarithmic distribution 
between 100-500 kHz) and 1 MHz. A new transducer design, referred to as a hybrid 
transducer, was introduced. The hybrid transducer had two freely moving microstructure 
layers on top of each other: one layer made of a piston transducer, the other layer made of 
a diaphragm transducer. The electromechanical parameters used to characterize the G2 
transducers were presented using the analytical formulas of the capacitive ultrasonic 
MEMS transducers presented in Chapter 2.  
 
The chapter has three conclusions based on the analytical results presented in this 
chapter: 
 
1. Modifying the etch hole spacing is a more effective way to increase the Q factor than 
modifying the etch hole size. 
2. On the basis of the analytical calculations, the sensitivity of a G2 transducer is 
increased about 12 times more than the sensitivity of a G1 transducer. 
3. Using the hybrid transducer as a differential capacitor, the sensitivity of the hybrid 
transducer is increased analytically about 1.4 times more than the sensitivity of a G2 
piston transducer. 
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Table 6.1 Dimensions of the piston transducers on the G2 device. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.2 Analytical capacitance values Co, Cp2 and C1 for the piston transducers on the 
G2 device. 
 
Piston Co (10-11 F) Cp2 (10-11 F) C1 (10-14 F/V2) 
C1 4.0 0.8 4.5 
C2 3.9 0.8 2.3 
C3 3.6 0.8 1.1 
D1 3.4 0.4 0.6 
D2 4.0 0.4 0.3 
D3 4.0 0.4 0.2 
B3 2.7 0.4 0.02 
 
 
 
 
 
 
 
 
 
 
Piston  N Lmp (µm) Ls1 (µm) Ls2 (µm) Total Area (mm2) 
C1 49 380 8 45 7.23 
C2 64 330 8 40 7.16 
C3 64 320 8 33 6.73 
D1 64 310 8 27 6.32 
D2 81 300 8 22 7.51 
D3 100 270 8 19 7.53 
B3 90 240 8 12 6.29 
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Table 6.3 Analytical capacitance values Co and C1 for the hybrid transducer (transducer 
at B1). 
 
Capacitor Co (10-11 F) C1 (10-14 F/V2) 
Poly0-Poly1 2.6 0.2 
Poly1-Poly2 5.7 2.6 
Differential 9.1 1.1 
 
 
 
Table 6.4 Analytical dynamic characteristic values of the piston transducers on the G2 
device. 
fp (kHz) Modal Parameters 
The First 
(Rotational) 
Frequency 
The Second 
(Translational) 
Frequency 
Piston 
fp1 fp2 
kp1 (10-6) mp1 (10-18) kp2 mp2 (10-10) 
Q Vcollapse (V) 
C1 86 100 2.0 6.8 224 5.7 2.37 11 
C2 119 138 2.2 3.9 320 4.3 3.24 15 
C3 162 188 3.6 3.4 560 4.0 4.44 21 
D1 227 262 6.1 3.0 1024 3.8 6.18 30 
D2 316 365 10.4 2.6 1856 3.5 8.72 42 
D3 434 501 12.9 1.7 2832 2.9 11.9 58 
B3 925 1065 35.5 1.1 9865 2.2 22.3 126 
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Transducer Location Design Resonant  Frequency (kHz) 
C1 100 
C2 138 
C3 188 
D1 262 
D2 365 
D3 501 
Piston 
B3 1065 
Hybrid B1 357 (Poly1 layer) 3100 (Poly2 layer) 
 
 
Figure 6.1 The locations and design resonant frequencies of the transducers on the G2 
device. 
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Figure 6.2 Schematic of a hybrid unit and layer descriptions. 
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Figure 6.3 Schematic of the piston unit (Poly1 layer) in a hybrid unit and layer 
descriptions. 
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Figure 6.4 Schematic of the diaphragm unit (Poly2 layer) in a hybrid unit and layer 
descriptions. 
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Figure 6.5 The idealized system of a hybrid unit: (a) plan and cross section; (b) the 
piston unit (Poly1 layer); (c) the diaphragm unit (Poly2 layer).  
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(a) 
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Figure 6.6 The hybrid transducer as a differential capacitor: (a) idealized behaviors of the 
Poly1 layer and Poly2 layer; (b) equivalent circuit model. 
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Figure 6.7 The Q factor as a function of etch hole size (represented by bi) and center-to-
center etch hole spacing (represented by bo). 
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CHAPTER 7 
 
CHARACTERIZATION EXPERIMENTS OF THE G2 TRANSDUCERS 
 
7.1. INTRODUCTION 
This chapter discusses the electromechanical and mechanical characterization 
experiments performed on the G2 transducers. Section 7.2 describes how the MEMS 
transducers are prepared for the characterization experiments after their delivery by the 
manufacturer. Section 7.3 explains the electromechanical characterization experiments, 
including the capacitance and admittance measurements. The experimental capacitance 
values, capacitance change with electrostatic loading and resonant frequency are 
compared with the analytical values presented in Chapter 6. The mechanical 
characterization of the G2 transducers using a simulated acoustic emission source is 
discussed in Section 7.4. In each section, a comparison of the G1 and G2 transducers is 
presented and discussed. Section 7.5 summarizes the chapter and presents conclusions. 
 
7.2. TRANSDUCER PREPARATION 
During the development of the G1 device, the manufacturer used an insulator layer as the 
delivery package that the MEMS device was mounted on to protect it against electrical 
damage and to prevent its movement during the delivery. As explained in Chapter 4, 
when the MEMS device was separated from the delivery package, residue from the 
insulator material remained on the back surface of the MEMS device. This residue had to 
be completely removed to provide good electrical conductivity and acoustic coupling 
between the MEMS device and the ceramic package. 
 
During the subsequent development of the G2 device, the manufacturer used an adhesive 
layer as the delivery package that the MEMS device was put on. When the MEMS device 
was separated from this new delivery package, there was no residue material on the back 
surface of the MEMS device unlike in the case of the G1 device. The change in the 
delivery package eliminated the first and second preparation steps explained in Section 
4.2. Each device was exposed to the third and fourth steps in Section 4.2: mounting the 
device to a ceramic package with silver epoxy adhesive, and wirebonding the device to 
the ceramic package.  
 
7.3. ELECTROMECHANICAL CHARACTERIZATION  
This section presents the electromechanical characterization experiments of the G2 
transducers. The experiments include the capacitance measurement in atmospheric 
pressure, and the admittance measurement in atmospheric pressure and coarse vacuum. 
As mentioned in Section 4.3, these experiments verify the idealized behaviors of the 
MEMS transducers experimentally. 
 
7.3.1. Capacitance Measurement and Comparison with Analytical Modeling 
The capacitance measurements were described earlier in Section 4.3.1 for the G1 
transducers. With the exception of reversing the bias voltage loading (from –Vbias to +Vbias 
and its reverse), the same experimental procedure described in Section 4.3.1 was used to 
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the G2 transducers. In summary, in this test, the capacitance meter applies a bias voltage 
load over a range of ±Vbias (limited depending on the analytical collapse voltage of the 
transducer given in Chapter 6) in discrete voltage steps ∆Vbias and reads the capacitance of 
the test transducer.  The capacitance meter sweeps from –Vbias to +Vbias and its reverse 
(from +Vbias to –Vbias), then the experiment stops. Two devices were tested for the 
capacitance measurement. The first device was an unpackaged device and tested using a 
probe station; the second device was a packaged device and tested using commercial 
probes. 
 
7.3.1.1. Piston transducers 
Figure 7.1 shows the capacitance measurement results of the two piston transducers 
performed on the packaged device. The experimental values are shown as discrete points, 
and the best-fit curve of Equation 3.1 to the experimental data is shown as a solid line. 
The procedure used to fit this line was described earlier in Section 4.3.1.1. The other 
transducers tested exhibited similar behaviors as shown in Figure 7.1. In general, 
excellent agreement was found between the experimental data and the best-fit curve.   
 
Tables 7.1 and 7.2 summarize the experimental and analytical Co and C1 values of the G2 
piston transducers. The experimental Co values are about 1.1 times that of the analytical 
values when the transducers were tested on the probe station. While the experimental 
values of Co and C1 were always higher than the analytical values for the G1 transducers 
(about 1.3 and 1.7 times), the experiments on the packaged G2 transducers resulted in 
lower Co and C1 than their analytical values for low frequency transducers (e.g., piston 
C1). The same analytical methods were used for both G1 and G2 transducers. Having 
different tendency for the difference between experimental and analytical values of the 
G1 and G2 transducers can be attributed to the experimental error and to the difference 
between the intended design dimensions and actual dimensions of the transducers. For 
example, in the manual of the MUMPs, tolerance for the accuracy of sacrificial layer 
thickness is given as ±12.5%. The experimental and analytical Co values for the G1 and 
G2 transducers vary in the ratios ranging from 1.3 and 0.7. If the thickness of sacrificial 
layer is 12.5% different than the intended design thickness, that means, the half of 
difference between the experimental and analytical Co values is due to the change in the 
gap between two capacitive layers (note that the thickness of sacrificial layer determines 
the gap between two capacitive layers). 
 
The differences are within the limit of acceptance considering the uncertainties of the 
surface micromachining method, the system idealization and the experimental 
measurement. 
 
Section 6.2 explained the design objectives of the G2 transducers. The third and fourth 
objectives were to span a narrower frequency range, and to increase the area of individual 
transducers. The narrow frequency spectrum provided by smaller number of transducers 
allowed the size of the transducers to increase by including more piston units in each 
piston transducer. Consequently, the capacitances and sensitivities (Equations 3.1 and 
3.22) of the G2 transducers increased relatively to the G1 transducers. Note that total 
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areas of the transducers are presented for the G1 transducers and for the G2 transducers in 
Tables 3.1 and 3.2, and Table 6.1, respectively.  
 
Figures 7.2 and 7.3 compare the capacitance measurement results of the G1 and G2 
transducers when they were tested using the packaged devices (for the G1 transducers, the 
averaged results were taken; for the G2 transducers, the results of the Device 2 were 
taken). The capacitance Co is independent of frequency, and there is an increase by a 
factor of 2 to 3 for the capacitances of the G2 transducers. The capacitance change with 
electrostatic loading C1 depends on the transducer resonant frequency, because of its 
stiffness dependence as shown in Equation 3.1. The increase of C1 depends on both the 
transducer area and stiffness. 
 
7.3.1.2. Hybrid transducer 
Section 6.3.2 explained the microstructure layers of the hybrid transducer. Figure 7.4 
shows an SEM photograph of a portion of the hybrid transducer. The anchor locations for 
the Poly1 and Poly2 layers, etch holes and spring elements of the Poly1 layer are shown in 
the photograph.  
 
As Figure 6.2 indicates, the hybrid transducer is made of three layers and has three 
different capacitance systems: Poly0-Poly1, Poly1-Poly2 and differential capacitor. 
Figure 7.5 shows three different capacitance meter terminal connections. The Poly0 and 
Poly1 layers are connected to the capacitance meter terminals to measure the capacitance 
of the Poly0-Poly1 capacitance system. The Poly1 and Poly2 layers are connected to the 
capacitance meter terminals to measure the capacitance of the Poly1-Poly2 capacitance 
system. For differential capacitance system, the Poly0 and Poly2 layers are connected to 
one terminal of the capacitance meter, the Poly1 layer is connected to the other terminal.  
 
Figure 7.6 presents the test results of the Poly0-Poly1 and Poly1-Poly2 capacitors. Figure 
7.7 presents of the test result of the differential capacitor. Table 7.3 summarizes the 
experimental and analytical Co and C1 values of the hybrid transducer using the packaged 
device. The Poly0-Poly1 capacitor results lower experimental values than the analytical 
values which agree with the piston transducer results (the piston transducers are also made 
of the Poly0-Poly1 capacitor). The experimental capacitance values for the Poly1-Poly2 
and the differential capacitors are higher than the analytical values. The differences 
between the experimental and analytical C1 values are the factor of 2.4 for the Poly1-
Poly2 capacitor and the factor of 4.8 for the differential capacitor. The comparison of 
Poly0-Poly1 and Poly1-Poly2 capacitors agrees with the pattern of discrepancy in 
capacitance values. When the Poly1 layer is out of position upward, the capacitance of 
Poly0-Poly1 capacitor reduces while that of Poly1-Poly2 capacitor increases. The pattern 
of discrepancy in capacitance is consistent with the physical cause. 
 
The design translational frequency of the Poly1 layer is 357 kHz which corresponds to 
87.2 N/m for kc. On the other hand, the admittance measurement (presented next in 
Section 7.3.2) results in a translational frequency of 245 kHz. The translational stiffness 
of the Poly1 layer was recalculated using the experimentally measured translational 
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frequency, keeping mass as the same as the design value. The first analytical values in 
Table 7.3 represent the analytical computation of C1 when the stiffness was taken as 87.2 
N/m. The stiffness was adjusted to 41.7 N/m as a result of the admittance measurement; 
and C1 was recalculated as shown in Table 7.3. The recalculated analytical C1 values of 
the Poly1-Poly2 and the differential capacitors are closer to the experimental results.  
 
7.3.2. Admittance Measurement and Comparison with Analytical Modeling 
As explained in Section 4.3.2, the admittance measurements of the transducers are used to 
experimentally determine the resonant frequencies of the transducers and their Q factors. 
The same experimental procedure as in Section 4.3.2 was used to test the G2 transducers. 
One packaged G2 device was tested.  
 
7.3.2.1. Piston transducers 
Figure 7.8 shows the results of the admittance measurements of the piston transducers in 
atmospheric pressure and coarse vacuum. Table 7.4 presents their experimental and 
analytical resonant frequencies. The second frequencies, which are assumed to be the 
translational frequencies, are apparent for each transducer. The first frequencies, which 
are assumed to be the rotational frequencies, exhibit the possibility of multiple frequencies 
close to each other. Piston-B3 (design translational frequency of 1065 kHz) exhibited 
noise in its admittance measurement. The first frequency of piston-B3 could not be read 
from its admittance plot. The reason for this noise is not clear, but it might be an 
instrumental measurement error. Note that the phase angles of the transducers shown in 
the second plots of each figure in Figure 7.8 are a little different than 90° which means 
that the piston transducers are close to pure capacitors. The phase angle differs more for 
the hybrid transducer (Figure 7.8h). 
 
Figure 7.9 shows the ratios of experimental and analytical resonant frequencies. The G2 
transducers exhibit the same trend as the G1 transducers (shown in Figure 4.11). As the 
frequency of the transducer increases, the analytical value becomes higher than the 
experimental value. The stiffnesses of the high frequency piston transducers can be over 
estimated. However, in all cases, the difference between the experimental and analytical 
values is less than a factor of 2. 
 
The first design objective of the G2 transducers was to achieve a transducer design that 
could operate in atmospheric pressure by reducing squeeze film damping. The squeeze 
film damping was reduced by placing more etch holes on the Poly1 layer. As mentioned 
in Section 6.3.1, the center-to-center etch hole spacing on the Poly1 layer was reduced 
from 30 µm in the G1 transducers to a value of 13 µm in the G2 transducers. Figure 7.10 
compares the SEM photographs of a piston transducer on the G1 device and a piston 
transducer on the G2 device. The increase in the number of etch holes on the Poly1 layer 
of the G2 transducer is clear in the photographs.  
 
The results of the G2 transducers in atmospheric pressure as shown in Figure 7.8 as 
dashed lines reveal the indication of the resonant frequencies of piston transducers, 
although it is still difficult to observe two resonant frequencies clearly. The frequencies 
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of the high frequency transducers (e.g., piston-D3) are clearer than those of the low 
frequency transducers (e.g., piston-C1) in atmospheric pressure. The mass length Lmp of 
piston-D3 is 270 µm while, for piston-C1, it is 380 µm. The smaller the lateral dimension 
of a transducer is, the smaller the influence of the squeeze film damping becomes.  
 
The admittance equation given in Equation 2.41 was fit to the experimental admittance 
data of pistons D2 and D3 in atmospheric pressure. The translational mode properties of 
the transducers were employed. Figure 7.11 shows the experimental admittance data and 
the best-fit curve to Equation 2.41 when the Q factors were taken as 7.8 and 12.0 for 
pistons D2 and D3, respectively. The experimental results are very close to their analytical 
values as presented in Table 6.4. It is important to note that the Q factor may be sufficient 
for AE experiments even though it may be difficult to observe the mechanical admittance 
effects on the admittance plots clearly. There is significant improvement (increase) in the 
Q factors of the G2 transducers compared to the G1 transducers. 
 
7.3.2.2. Hybrid transducer 
Figure 7.8h shows the admittance measurement of the hybrid transducer in atmospheric 
pressure and coarse vacuum. Two resonant frequencies of the Poly1 layer are clear in 
coarse vacuum in the frequency range of 200-550 kHz. However, they cannot be observed 
in atmospheric pressure because of high squeeze film damping. The control of squeeze 
film damping is more difficult for the hybrid transducer than the piston transducer. The 
spacing requirements of the MUMPs for the layers and masks made the placement of 
more etch holes difficult as there are more layers and masks used to design two freely 
moving microstructure layers than are used to design one freely moving microstructure 
layer. Figure 7.4 indicates the etch holes of hybrid transducer. In addition, the air flow is 
squeezed between the Poly0-Poly1 layers and the Poly1-Poly2 layers when the Poly1 
layer vibrates.   
 
Table 7.4 presents the experimental and analytical resonant frequencies of the Poly1 layer 
of the hybrid transducer. The experimental resonant frequencies are about 0.8 times that 
of the analytical values.  The resonant frequency of the Poly2 layer was not measured.  
 
7.3.3. Comparison of Piston Transducers and Hybrid Transducer 
While the piston transducers are made of two layers of the MUMPs and compose a single 
capacitor system, the hybrid transducer is made of three layers of the MUMPs and 
composes a differential capacitor system. The capacitance and admittance results of the 
hybrid transducer are compared using a piston transducer which has the closest 
translational frequency to the hybrid transducer. 
 
Table 7.5 compares the capacitance measurement results of piston-C3 (having 
translational frequency as 252 kHz) and the differential capacitor of the hybrid transducer. 
While piston-C3 has higher area than the double diaphragm transducer, it exhibits lower 
capacitance than the hybrid transducer.  
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The idealization of the piston transducer (Figure 3.6b) indicates that the first and second 
frequencies of the piston transducer are rotational and translational frequencies, 
respectively. However, the idealization of the hybrid transducer (Figure 6.5b) indicates 
that the first and second frequencies of the Poly1 layer (made of a piston transducer) of 
the hybrid transducer are translational and rotational frequencies, respectively.  The 
comparison of the admittance results of piston-C3 in Figure 7.8c and the Poly1 layer of 
hybrid transducer in Figure 7.8h shows that two frequencies of the hybrid transducer 
exhibit themselves on the admittance plot clearly than those of piston-C3. The problem 
with the hybrid transducer is that the transducer cannot operate in atmospheric pressure 
because of high squeeze film damping. The transducer in its present configuration needs 
to be evacuated to detect acoustic emissions with sufficient sensitivity.   
 
7.4. MECHANICAL CHARACTERIZATION EXPERIMENTS  
Mechanical characterizations using pencil lead break as the simulated acoustic emission 
source were performed for the piston transducers in atmospheric pressure. These 
experiments show that the G2 transducers can detect the simulated acoustic emission in 
atmospheric pressure.  
 
7.4.1. Experiments with Pencil Lead Break on the Ceramic Package in Atmospheric 
Pressure 
The increase in capacitance (and therefore sensitivity) and the decrease in squeeze film 
damping achieved by placing more etch holes on the Poly1 layer enabled the G2 
transducers to detect pencil lead break input in atmospheric pressure. As presented in 
Figure 7.12, the ceramic package of the G2 device was used as the stress wave 
propagating medium. The pencil lead break was applied 2 cm away from the transducers. 
The transducer outputs with 9 VDC bias voltage were recorded after a pre-amplification 
gain of 10.  
 
Figure 7.13 shows the pencil lead break results in time and frequency domains for 6 
piston transducers designed in the frequency range of 100 kHz-500 kHz. The noise 
observed before the arrival of the simulated acoustic emission affects the frequency 
contents of the output signals. Figure 7.14 presents the same output signals after 60 kHz-
600 kHz band-pass Butterworth filtering. The amplitudes of the output signals in time 
domain do not vary much after filtering. The transducers detect the simulated acoustic 
emission with approximately 50 mV amplitude. They do not exhibit sharp frequencies as 
obtained during experiments on the G1 transducers in a coarse vacuum. However, the 
frequency contents merge to the right when the frequency of the transducer increases.  
 
7.5. SUMMARY  
This chapter presented the electromechanical and mechanical characterization 
experiments of the G2 transducers, and compared the results from these experiments with 
analytical values. The following are the main conclusions of this chapter: 
 
1. The increase in capacitance and the decrease in squeeze film damping with placing 
more etch holes on the Poly1 layer enabled the piston transducers on the G2 device to 
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detect the simulated acoustic emission in atmospheric pressure. However, the piston 
transducers on the G2 device did not exhibit sharp resonances as obtained by the 
piston transducers on the G1 device in a coarse vacuum.   
2. The capacitance measurements showed that the G2 transducers exhibited their 
expected responses to the electrostatic loading as a parabolic relationship between 
capacitance C and bias voltage Vbias. 
3. The piston transducers detected both electrical input and mechanical input (simulated 
acoustic emission) successfully. 
4. The capacitances of the piston transducers on the G2 device were increased by a 
factor of 2 to 3 as compared to the capacitances of the piston transducers on the G1 
device. 
5. The difference between the experimental and analytical Co and C1 values of the piston 
transducers was less than 2.0. It is concluded that the analytical models for the 
characterization of the piston transducers are sufficiently accurate.  
6. The admittance measurements in atmospheric pressure showed that the piston 
transducers exhibited the indications of their resonant frequencies. However, it was 
difficult to distinguish two resonant frequencies of the piston transducers. 
7. The application of the hybrid transducer as a differential capacitor increases the 
capacitance as compared to a piston transducer of similar translational frequency. 
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Table 7.1 Experimental and analytical Co values for the G2 piston transducers. 
 Co (10-11 F) 
Experimental  
Values C1 C2 C3 D1 D2 D3 B3 
Device 11 4.6 4.4 4.4 3.9 4.6 4.5 3.2 
Device 2 3.0 2.7 2.9 3.4 3.7 3.6 3.1 
Analytical 
Values 4.0 3.9 3.6 3.4 4.0 4.0 2.7 
Difference 
(Device 2-Analytical) -1.0 -1.2 -0.7 0.0 -0.3 -0.4 0.4 
Ratio 
(Device 2/Analytical) 0.8 0.7 0.8 1.0 0.9 0.9 1.1 
1. Tested on the probe station 
 
 
Table 7.2 Experimental and analytical C1 values for the G2 piston transducers. 
 C1 (10-15 F/V2) 
Experimental  
Values C1 C2 C3 D1 D2 D3 B3 
Device 11 25.4 12.7 7.6 5.8 5.6 2.9 0.9 
Device 2 20.4 10.0 6.0 6.3 4.7 2.4 0.8 
Analytical 
Values 45.2 22.9 11.5 5.5 3.3 1.7 0.2 
Difference 
(Device 2-Analytical) -24.8 -12.9 -5.5 0.8 1.4 0.7 0.5 
Ratio 
(Device 2/Analytical) 0.5 0.4 0.5 1.1 1.4 1.4 4.0 
1. Tested on the probe station 
 
 
Table 7.3 Experimental and analytical Co and C1 values for the hybrid transducer. 
 
Experimental Values Analytical Values Analytical Values (Recalculated)1 Capacitor Co  
(10-11 F) 
C1  
(10-14 F/V2) 
Co  
(10-11 F)
C1  
(10-14 F/V2) 
Co  
(10-11 F) 
C1  
(10-14 F/V2) 
Poly0-Poly1 1.5 0.05 2.6 0.2 2.6 0.4 
Poly1-Poly2 8.9 6.1 5.7 2.6 5.7 5.4 
Differential 10.0 5.1 9.1 1.1 9.1 2.2 
1. The translational stiffness of the Poly1 layer was recalculated using the experimentally measured 
translational resonant frequency, keeping mass as the same as the design value. 
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Table 7.4 Experimental and analytical first frequencies of the G2 transducers. 
 
fp1 (kHz) 
 
C1 C2 C3 D1 D2 D3 B3 
Hybrid 
Transducer 
(Poly1 Layer) 
Experimental  
Values 107 150 178 187 210 272 - 245 
Analytical 
Values 86 119 162 227 316 434 925 357 
Difference 
(Experimental-Analytical) 21 31 16 -40 -106 -162 - -112 
Ratio 
(Experimental/Analytical) 1.2 1.3 1.1 0.8 0.7 0.6 - 0.7 
 
 
Table 7.5 Experimental and analytical second frequencies of the G2 transducers. 
 
fp2 (kHz) 
 
C1 C2 C3 D1 D2 D3 B3 
Hybrid 
Transducer 
(Poly1 Layer) 
Experimental  
Values 150 207 252 275 317 405 957 512 
Analytical 
Values 100 138 188 262 365 501 1065 618 
Difference 
(Experimental-Analytical) 50 69 64 13 -49 -96 -108 -106 
Ratio 
(Experimental/Analytical) 1.5 1.5 1.3 1.0 0.9 0.8 0.9 0.8 
 
 
Table 7.6 Comparison of area, translational frequency, and capacitance values Co and C1 
of the hybrid transducer with a piston transducer. 
 
Experimental Values 
Transducer Area (mm2) 
Experimental 
Translational  
Frequency (kHz) 
Co (10-11 F) C1 (10-15 F/V2) 
piston-C3 6.73 252 2.9 6.0 
Hybrid 6.34 245 10.0 50.7 
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Figure 7.1 Experimental data of capacitance measurements and best-fit curve to Equation 
3.1 for two G2 piston transducers: (a) piston-C1; (b) piston-D3. 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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Figure 7.2 Comparison of experimentally determined Co values of the G1 and G2 
transducers. 
 
Figure 7.3 Comparison of experimentally determined C1 values of the G1 and G2 
transducers. 
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Figure 7.4 SEM photograph of a portion of the hybrid transducer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.5 Capacitive meter connections for capacitance measurements of the hybrid 
transducer: (a) Poly0-Poly1 capacitor; (b) Poly1-Poly2 capacitor; (c) differential 
capacitor. 
 
(a) 
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Figure 7.6 Experiment data of capacitance measurements and best-fit curve to Equation 
3.1 for the hybrid transducer: (a) Poly0-Poly1 capacitor; (b) Poly1-Poly2 capacitor. 
 
(a) 
(b) 
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Figure 7.7 Experiment data of capacitance measurement and best-fit curve to Equation 
3.1 for the hybrid transducer as a differential capacitor. 
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Figure 7.8 Admittance measurements in atmospheric pressure and coarse vacuum: (a) 
piston-C1; (b) piston-C2; (c) piston-C3; (d) piston-D1; (e) piston-D2; (f) piston-D3; (g) 
piston-B3; (h) Poly1 layer of the hybrid transducer. 
 
(a) 
(b) 
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Figure 7.8 Continued. 
 
 (d) 
(c) 
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Figure 7.8 Continued. 
 
(f) 
 (e) 
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Figure 7.8 Continued. 
(g) 
 (h) 
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Figure 7.9 Comparison of experimental and analytical resonant frequencies of the G2 
piston transducers in the frequency range of 100 kHz-500 kHz. 
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(a) 
 
 
 
(b) 
 
Figure 7.10 SEM photographs of the piston transducers from: (a) the G1 device; (b) the 
G2 device. 
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Figure 7.11 Admittance measurement in atmospheric pressure and best-fit curve to 
Equation 2.41: (a) piston-D2; (b) piston-D3. 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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Figure 7.12 Block diagram for the pencil lead break experiments. 
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Figure 7.13 Pencil lead break experiments in time and frequency domains at 9 VDC bias 
voltage: (a) piston-C1; (b) piston-C2; (c) piston-C3; (d) piston-D1; (e) piston-D2; (f) 
piston-D3. 
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(b) 
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Figure 7.14 Pencil lead break experiments in time and frequency domains at 9 VDC bias 
voltage after 60 kHz-600 kHz band-pass Butterworth filtering: (a) piston-C1; (b) piston-
C2; (c) piston-C3; (d) piston-D1; (e) piston-D2; (f) piston-D3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
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CHAPTER 8 
 
IMPLEMENTATION OF THE G2 TRANSDUCERS ON WELDED STEEL 
BEAM SPECIMENS TESTED UNDER FOUR-POINT BENDING 
 
8.1. INTRODUCTION 
This chapter discusses the implementation of the G2 transducers for the detection of real 
acoustic emissions from simple structures subjected to a load to cause damage. Four 
welded steel beam specimens were tested under four-point bending. Each beam specimen 
included a pre-existing crack which propagated under the applied load, causing the 
release of acoustic emission. Section 8.2 describes the experimental program, including 
the test set-up, specimen preparation, AE transducers used and experimental details. 
Section 8.3 presents the results of the four beam specimens. The performance of the G2 
transducers is discussed further in Section 8.4. Section 8.5 summarizes the chapter and 
presents conclusions from this chapter.  
 
8.2. EXPERIMENTAL PROGRAM 
In this research, four welded steel beam specimens were tested under four-point bending. 
The beam specimen dimensions are shown in Figure 8.1 The loading configuration is 
shown in Figures 8.2 (photograph) and 8.3 (dimensioned drawing). The beam specimens 
were designed to propagate a crack at a notch at mid-span under the action of a slowly 
applied monotonic loading. The beam specimens were comprised of a GR50 base metal 
and an E70T-4 weld metal at the mid-span notch. Details of the welded steel beam 
specimens are given in the next section.  
 
8.2.1. Preparation of the Welded Steel Beam Specimens 
Five welded steel beam specimens were fabricated, and four of them were tested in this 
research. The beam specimens tested are named as beams 1 to 4. The tests performed on 
beams 1 to 4 are referred to as experiments 1 to 4. 
 
The beam specimens were prepared as follows. As shown in Figure 8.4, two GR50 steel 
plates measuring approximately 41.4 cm long, 2.5 cm thick and 30.5 cm wide were 
welded along their 10° beveled cut ends to create a plate with a length of 82.8 cm.  The 
plates were welded using E70T-4 electrodes. The welded steel plate assembly was then 
saw cut into five pieces as shown in Figure 8.4. After the surfaces of each beam specimen 
were machined to have smooth and flat surfaces, a straight through notch was machined 
into the weld metal in each beam specimen as shown in Figure 8.5. The notch included a 
60° angle and 0.25 mm root radius. The four beam specimens were then subjected to a 
35.6 kN maximum repeated load at a frequency of 10 Hz for about 15000 cycles using a 
three-point bending set-up. This created a fatigue crack with a depth of about 3 mm from 
the root of the notch. Figure 8.6 is a photograph of the three-point bending set-up used to 
create the fatigue crack.  
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8.2.2. Data Acquisition Hardware and Experimental Set-up 
Figure 8.7 shows a photograph of the data acquisition hardware and loading machine 
used for the four-point bending tests. Up to three oscilloscopes were used to capture the 
acoustic emission signals. Oscilloscope 1 was a Tektronix TDS2014, four-channel, 100 
MHz oscilloscope with 8-bit resolution. The communication between oscilloscope 1 and 
the data acquisition computer was provided by a GPIB card. Oscilloscope 2 was a 
National Instrument (NI) 5112 board with two channels and 8-bit resolution. 
Oscilloscope 2 can record longer duration signals than oscilloscope 1. Oscilloscope 3 was 
a National Instrument (NI) 5122 board with two channels and 14-bit resolution. The 
sampling rates for NI boards are 100 MS/s. Oscilloscope 3 has a smaller voltage 
resolution than oscilloscope 2.  Oscilloscope 3 was used in experiments 3 and 4. Using 
three oscilloscopes simultaneously provided eight AE transducer channels.   
 
The three oscilloscopes were controlled and synchronized by a Labview program. The 
program collected and stored the output signals of the AE transducers after they were 
excited by an AE event, and then automatically reset the oscilloscopes for the next event. 
Using this hardware and software, there was a period of time when the output signals 
were being saved to a hard drive that the oscilloscopes were unavailable to detect an AE 
event. This period lasted for about a few seconds, and then the oscilloscopes were 
automatically reset and again available to collect and store the next event.  
 
The beam specimens were loaded using an Instron loading machine as shown in Figure 
8.7. The loading machine included displacement transducer and a load cell to provide 
measurements of the applied displacement and load. Displacement and load were 
recorded every 0.5 sec. The communication between the loading machine and the data 
acquisition computer was provided by a GPIB card. The loading machine was controlled 
by a Labview program. As mentioned above, it took a few seconds to save the output 
signals of the AE transducers, so a very slow loading rate (0.025 mm/min) was chosen in 
an attempt to not generate closely-spaced AE events. 
 
Figure 8.8 shows a close-up photograph of the midspan region of the set-up. The load 
was applied to the top of the beam specimen using a spreader beam. As shown in the 
photograph, several alternating layers of steel and polypropylene were placed at the two 
loading points. This was done to decouple mechanical noise from the loading machine to 
the beam specimen. This decoupling occurs because of the mismatch in acoustic 
impedance between steel and polypropylene. The steel-polypropylene layers also provide 
a low friction interface to accommodate any relative movement between the loading 
points as the beam specimen deflects under the action of the applied load.  
 
A clip gauge was placed across the notch to measure the crack opening as shown in 
Figure 8.8. A four-channel multimeter shown in Figure 8.7 was used to read the clip 
gauge output in the form of resistance which was recorded at every 0.5 sec. The crack 
opening displacement was computed from the resistance measurement. The clip gauge 
calibration of the resistance to displacement was 0.73 cm/ohm. 
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A commercial pre-amplifier was used to amplify the output signals of the commercial AE 
transducer used in the experiments (explained in the following section). 
 
8.2.3. AE Transducers Used and Related Information for the four Experiments 
Figure 8.9 shows the locations of the AE transducers used in this study on a beam 
specimen. A single MEMS device was used in all experiments. The number of the 
MEMS transducers used on the MEMS device was increased from experiments 1 to 4. 
Table 8.1 presents the MEMS transducers used in each experiment. Two MEMS 
transducers were used during experiment 1; three, during experiment 2; and five, during 
experiments 3 and 4.  
 
While the exact locations of the MEMS transducers were distributed on the 1 cm x 1 cm 
device area, they were idealized as located on the same point. The distance between the 
MEMS transducers and the crack was considered the same for all MEMS transducers as 
11.4 cm (shown in Table 8.1). The actual location of each MEMS transducer on the beam 
specimen as compared to the distance between the center of the MEMS transducers and 
the crack was negligible.  
 
The MEMS device, mounted on the ceramic package, was placed on a beam specimen as 
follows. The surface of the ceramic package of the MEMS device was coupled to a 2 cm 
thick steel block. The opposite surface of the steel block was coupled to the beam 
specimen as shown in Figure 8.8. As mentioned in Chapter 5, a steel block was required 
to provide the acoustic path between the surface of the ceramic package and the beam 
specimen. The couplant was vacuum grease during experiments 1 and 2; then the 
superglue was used as the couplant for both surfaces of the steel block during 
experiments 3 and 4 in order to provide better acoustic coupling [14]. The ceramic 
package was also clamped to the specimen using two steel bars and bolts as shown in 
Figure 8.8. 
 
The MEMS device was shielded against environmental noise by an aluminum housing as 
shown in Figure 8.8. Figure 8.10 shows the inside of the aluminum housing which 
contained the 6 pre-amplifiers, BNC connectors, batteries for the MEMS transducers and 
for the pre-amplifiers and a ground line. The circuit diagrams of the pre-amplifiers were 
the same as those used in Chapter 5 (Figure 5.2).  It is noted that improved packaging, 
circuit layout, and housing would permit the MEMS device to be placed with a smaller 
footprint than used in these experiments. Reducing the size of this footprint was not an 
objective of this research. 
 
Two commercial resonant AE transducers manufactured by Physical Acoustics 
Corporation (PAC R30 and PAC R15) were also mounted to the beam specimen next to 
the MEMS transducers as shown in Figure 8.9. The commercial AE transducers had two 
purposes: (1) using a well-established transducer as the trigger channel for the 
oscilloscopes in order to capture AE events, and, (2) comparing the number of AE events 
that the MEMS transducers and the commercial AE transducers detected in order to show 
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how well the MEMS transducers functioned as AE transducers. The PAC R30 transducer 
was used as the trigger channel for all four experiments with 10 mV threshold.  
 
The resonant frequencies of the PAC transducers were verified by admittance 
measurements. Figure 8.11 shows the admittance measurements of the PAC R30 and 
PAC 15 transducers. The resonant frequencies of the transducers, shown as the peaks of 
admittance values in Figure 8.11, are close to their resonant frequencies reported by the 
manufacturer: 300 kHz and 150 kHz for the PAC R30 and PAC R15 transducers, 
respectively. 
 
Both the PAC R30 and PAC R15 transducers were coupled to the beam specimen using 
vacuum grease and held in place using magnetic mounts. Figure 8.8 shows the PAC R30 
transducer with its magnetic mount; Figure 8.10 shows it with magnetic mount removed. 
 
8.2.4. Predicted Maximum Load 
The relationships between a Mode I crack (opening mode or normal tear) stress intensity 
factor KI and the stress σ that the crack is subjected to are determined with common test 
specimen configurations [71]. As shown in Figure 8.3, the beam specimens studied in this 
research were tested under a four-point bending set-up placed in the 76.2 cm support-to-
support spacing. The center region of the beam specimen between the loading points was 
subjected to pure bending. For a pure bending specimen (this assumes a homogeneous 
beam-no weld), the equations relating the stress intensity factor KI and the Euler stress σ 
[71] are 
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where F(as / bh) is the configuration correction factor for stress intensity factor, as is the 
crack length, bh is the height of the beam specimen, Ms is the constant moment acting on 
the cross section of the beam specimen, and I is the moment of inertia. Crack growth 
occurs when a critical value of the stress intensity factor KI, called the fracture toughness 
Kc, is exceeded. For Kc equal to 55 mMPa of the weld metal, and the given dimensions 
of the beam specimen, the load required for crack growth was computed as 15 kN.  
 
As discussed in the next section, the four beam specimens exhibited similar maximum 
load capacities Pmax, with an average value of 23.3 kN. The average value of Pmax of 23.3 
kN corresponds to a fracture toughness Kc of the weld metal of 85 mMPA .  
 
8.2.5. Overview of the Experiments 
As mentioned earlier, the PAC R30 transducer was the trigger channel and also used as a 
means to read the total number of AE events recorded in each experiment. Table 8.2 
presents the maximum load capacity Pmax of the four beam specimens, the duration of 
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each experiment, and the total number of AE events detected by the PAC R30 transducer 
and the MEMS transducers. 
 
The MEMS transducers successfully detected several acoustic emissions in each 
experiment. In experiment 1, the MEMS transducers detected 5 AE events as compared 
to 36 AE events detected by the PAC R30. Then, the detection ability of the MEMS 
transducers was improved (explained in detail in the following sections). In experiment 2, 
the MEMS transducers detected 12 AE events as compared to 38 AE events detected by 
the PAC R30. In experiment 3, there were 5 AE events detected by the PAC R30 
transducer, and the MEMS transducers detected two of them. In experiment 4, the MEMS 
transducers detected 60% of AE events before and at Pmax. In this experiment, the MEMS 
transducers detected 14 AE events as compared to 33 AE events detected by the PAC 
R30 transducer. 
 
The detection of AE events before and at Pmax is important because of following reasons. 
Failures of brittle materials are preceded by the formation and accumulation of small 
cracks, which cannot be visually noticed, accompanied by the release of discrete acoustic 
emissions. Therefore, the detection of acoustic emissions that occur before Pmax may be 
useful to prevent the onset of catastrophic failures of brittle materials. Most structural 
systems have redundancy. Failure of an element made of a brittle material does not lead 
to failure of a whole structural system. However, the detection of the element failure is 
important to prevent the overloading of other elements and to inspect the condition of the 
structural system. 
 
8.3. EXPERIMENTAL RESULTS 
As mentioned above, four welded steel beam specimens were tested in this research. The 
results of experiment 1 were used to revise the oscilloscope settings, transducer gains, 
and channel configurations of experiment 2. Similarly, the results of experiment 2 were 
used to revise the oscilloscope settings, transducer gains, and channel configurations of 
experiment 3, and so on. While the locations of the transducers and the loading 
configuration were kept the same for experiments 1 to 4, the number of the MEMS 
transducers employed, the pre-amplification gains of the transducers, the couplant of the 
MEMS transducers, the oscilloscope settings, and the number of oscilloscopes used were 
different. These changes were made in order to improve the detection of low amplitude 
AE events by multiple MEMS transducers and to improve the data acquisition of low and 
high amplitude AE signals without clipping their durations and amplitudes. 
 
The results of all four experiments are presented in the following sections. After 
introducing the block diagram and oscilloscope settings for each experiment, their results 
are discussed and evaluated in five groups: 
 
1. The time of occurrence of AE events through the duration of the experiment. 
2. AE events relative to load, displacement and crack opening. 
3. Maximum signal amplitudes of the AE transducers. 
4. Normalized cumulative AE count relative to load and displacement.  
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5. Variation in output signal amplitudes, waveforms and durations. 
 
8.3.1. Experiment 1  
Figure 8.12 shows the block diagram of experiment 1. The four channels of oscilloscope 
1 are named as channels 1 to 4, and the two channels of oscilloscope 2 are named as 
channels 5 and 6. As presented in Table 8.3, piston-C2 was connected to channels 3 and 
6, and piston-C1 was connected to channel 4. The output signals of two MEMS 
transducers were recorded after a pre-amplification gain of 10. A bias voltage of 9 VDC 
was applied to the MEMS transducers. The PAC R30 transducer was connected to 
channels 1 and 5, and its output signals were recorded after a pre-amplification gain of 
50.  The PAC R15 transducer was connected to channel 2. This transducer was not 
connected to any pre-amplifier.  
 
Note that the results of oscilloscope 2 (channels 5 and 6) provided supplementary 
information about the sample duration capacity of oscilloscope 1. As the noise levels of 
two oscilloscopes are different, it is possible to capture an AE event by one oscilloscope, 
but miss it with the other. 
 
Table 8.3 also presents the oscilloscope settings of this experiment. The sample durations 
were set to 5 msec and 1000 msec for oscilloscopes 1 and 2, respectively. These two 
settings were selected in order to determine if the sample duration capacity of 
oscilloscope 1 was sufficient to capture the output signals of AE transducers without 
clipping their total durations. Additionally, these two settings determined if any closely-
spaced AE events occurred in between 5 msec and 1000 msec. The sampling frequency 
was set to 500 kHz for both oscilloscopes. 
 
8.3.1.1. The time of occurrence of AE events through the duration of the experiment 
The duration of experiment 1 was approximately 5 hours. Figure 8.13 shows the time of 
occurrence of a total 36 AE events detected by the PAC R30 transducer through the 
duration of this experiment. The figure indicates if any increase in the frequency of AE 
events occurred at a specific time period of the experiment. In this experiment, the 
frequency of the AE events increased significantly in the last half-hour period of the 
experiment.  
 
As mentioned in Section 8.2.2, the loading rate was chosen to be 0.025 mm/min in order 
not to generate closely spaced AE events. In this experiment, the loading rate was 
increased from 0.025 mm/min to 0.25 mm/min after the beam specimen reached its 
maximum load capacity.  Therefore, the frequency of the AE events increased in the last 
half-hour period of the experiment. However, it was observed that oscilloscope 1 was 
unable to record some AE events because the events were too closely spaced. In all 
subsequent experiments, the loading rate was kept at 0.025 mm/min through the entire 
experiment. (In one exception, in experiment 4 the loading rate was also increased to 0.25 
mm/min when the load decreased to half of its maximum value. The AE events after that 
point were not critical, and the experiment speed was increased to observe the second 
load drop.)   
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8.3.1.2. AE events relative to load, displacement and crack opening 
Figures 8.14 and 8.15 show the load, displacement and crack opening values at which 36 
AE events occurred on the load-displacement and load-crack opening plots. To help 
identify the position of each event on these plots, the location of every fifth AE event is 
labeled on the plots. Table 8.4 shows the AE events and the corresponding loads. This 
table also shows which AE events were also detected by the MEMS transducers and the 
PAC R15 transducer, in addition to the PAC R30 transducer.  
 
The following conditions were checked to evaluate the authenticity of detected AE 
events: (i) events have to be detected by a MEMS transducer or the PAC R15 transducer 
(along with the PAC R30 transducer); (ii) events detected by multiple transducers must 
cause similar output shapes (i.e., burst emission shape); and (iii) the arrival time 
difference at the transducers must equal the ratio of the difference between the distances 
of the transducers to the crack to the wave velocity. Events that satisfied these three 
conditions were considered to be released by the crack. The choice of wave velocity (i.e., 
the choice between P-wave and S-wave velocities) in the third condition is discussed in 
Section 8.4.3. Note that it was found that the events detected by multiple transducers 
always did originate from the crack. 
 
There were 9 AE events detected by the PAC R30 transducer before the beam specimen 
reached its maximum load capacity (Pmax=24.17 kN). The MEMS transducers did not 
detect any of those events, and the PAC R15 detected only one of them. At event 10, a 
large crack growth occurred. The load suddenly decreased from 24.17 kN to 18.93 kN. 
The crack opened about 0.83 mm. Consequently, a high amplitude acoustic emission was 
released. All the AE transducers detected this event, including the two MEMS 
transducers. Of particular note here is that event 10 represents the first time that a real 
acoustic emission signal was successfully detected using a MEMS acoustic emission 
transducer developed in this research.   
 
After Pmax, there were 26 AE events detected by the PAC R30 transducer. The MEMS 
transducers connected to oscilloscope 1 detected 5 of them. The experiment was stopped 
when the load decreased to half of Pmax.  
 
8.3.1.3. Maximum signal amplitudes of the AE transducers  
Figure 8.16 shows the maximum signal amplitudes detected by the AE transducers 
connected to oscilloscope 1. Darkened circles in the figure indicate the AE events 
detected by the MEMS transducers. The figure indicates the signal amplitude variations 
of the MEMS transducers, the PAC R30 and PAC R15 transducers in each AE event, 
noise levels of the MEMS transducers, the relative sensitivities of the MEMS transducers, 
the PAC R30 and PAC R15 transducers. 
 
As mentioned earlier, the PAC R30 transducer was used as the trigger channel. When the 
PAC R30 transducer detected an event, the signals of all AE transducers used were 
recorded. The events of the MEMS transducers shown as open circles are the noise. The 
MEMS transducers, piston-C2 and piston-C1, had about 5 mV noise amplitudes. There 
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was an increase in the noise amplitude of piston-C1 after Pmax. It is noted that amplitudes 
of some AE events detected by the MEMS transducers are in the noise level (e.g., event 
25). However, the output signals of the MEMS transducers for these events have AE 
burst shapes although their amplitudes are very low. 
 
It is assumed that the averaged maximum signal amplitude ratios of the transducers are 
the same as the relative sensitivities. However, in this experiment, there was not 
sufficient number of AE events detected by the MEMS transducers. Therefore, it was not 
possible to find the relative sensitivities of the MEMS transducers and the PAC R30 
transducer.  
 
8.3.1.4. Normalized cumulative AE count relative to load and displacement 
Section 2.2.4 presented the AE count as one of the parameters used in the evaluation of 
AE testing. The AE count is the number of threshold crossings of an AE signal. The 
threshold level is the estimated signal level that separates an AE signal from noise. The 
cumulative AE count is the summation of AE counts up until the present AE event. The 
cumulative AE count is normalized to be 1 at the end of the experiment. The 
normalization leads to high amplitude AE events influencing the overall result more than 
low amplitude AE events. High amplitude AE events have more AE counts than low 
amplitude AE events. When the normalized cumulative AE count versus load is 
superimposed on the load-displacement plot, the displacement and load values that the 
AE counts start to accumulate can be determined. 
 
Figure 8.17 shows the normalized cumulative AE count versus load superimposed on the 
load-displacement plot for the threshold set as 6 mV, 9 mV, 100 mV and 10 mV for the 
piston-C2, piston-C1, PAC R30 and PAC R15 transducers, respectively. The MEMS 
transducers did not record any data before Pmax. The PAC transducers indicated the 
accumulation of AE counts before Pmax at a 4.3 mm displacement and a 19 kN load. The 
plots of the MEMS transducers do not compare well to the plot obtained from the PAC 
R30 transducer.  
 
Table 8.4 indicates that there were at least six other events before reaching 19 kN load. 
The events before the 19 kN load that the PAC R30 transducer detected were very low 
amplitude events that the PAC R15 transducer did not detect any of them. As mentioned 
above, the normalization of cumulative AE count shows that the high amplitude AE 
events contribute to the overall result more than low amplitude AE events. Therefore, in 
Figure 8.17, the AE counts of events before the 19 kN load are suppressed by the AE 
counts of high amplitude AE events occurred after the 19 kN load. Additionally, the 
authenticity of AE events before the 19 kN load could not be checked as these events 
were only detected by the PAC R30 transducer. 
 
8.3.1.5. Variation in output signal amplitudes, waveforms and durations 
In this section, the output signals of the AE transducers at various load levels are 
presented. The sample duration capacity of oscilloscope 1 is evaluated. 
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Figures 8.18 shows the output signals of AE transducers recorded by oscilloscope 1 from 
event 10 (at Pmax). The voltage range setting of oscilloscope 1 was not sufficient to detect 
such a high amplitude AE event without clipping the signal amplitudes. The clipping in 
amplitudes distorts the frequency contents of signals.  Therefore, these signals cannot be 
subjected to many of the signal processing methods used in this research (e.g., filtering, 
FFT). 
 
Figure 8.19 shows the output signals of AE transducers recorded by oscilloscope 1 from 
event 17. The output signals shown in this figure are the clearest AE signals detected by 
the MEMS transducers in this experiment. The MEMS transducers, piston-C2 and piston-
C1, exhibited about 15 mV maximum amplitude signals. Figure 8.20 shows their 
frequency amplitude spectra.  Piston-C2 appears to have a frequency peak centered 
approximately at 115 kHz. This transducer had experimental (admittance) resonant 
frequencies of 150 kHz and 207 kHz (shown in Table 8.1). The response of piston-C1 
was not as clear as that of piston-C2. This may be due in part to the high noise present in 
the pre-trigger segment of the output signal of piston-C1. 
 
Figure 8.21 presents the output signals of the PAC R30 and piston-C2 transducers 
recorded by oscilloscope 2 from event 10 (at Pmax). The signal duration of piston-C2 
extends to 150 msec. The PAC R30 transducer shows a high frequency oscillation at the 
beginning, but then the signal decays in an unusual manner to a smaller amplitude level. 
This may represent the saturation of the pre-amplifier.  
 
Figure 8.22 compares the output signals of piston-C2 recorded by oscilloscopes 1 and 2 
from event 17. In this experiment, oscilloscope 1 recorded a 2.5 msec sample duration 
with 2.5 msec pre-trigger while oscilloscope 2 recorded a 950 msec sample duration with 
50 msec pre-trigger. The comparison of the two plots shown in the figure indicates that 
piston-C2 continued to vibrate after 2.5 msec.  In other words, oscilloscope 1 clipped the 
total signal duration of piston-C2.  
 
Figure 8.23 shows the frequency amplitude spectrum of piston-C2 recorded by 
oscilloscope 2 from event 17. Compared to the result shown in Figure 8.20a, the 
frequency of piston-C2 is clearer in Figure 8.23 as the total signal duration was used for 
FFT calculation. Piston-C2 appears to have a frequency peak centered approximately at 
200 kHz. This transducer has 207 kHz as its second (translational) frequency obtained by 
admittance measurement in coarse vacuum. 
 
The frequency amplitude spectrum given in Figure 8.23 is different than a conventional 
spectrum (e.g., Figure 8.20a). Note that the sample duration of oscilloscope 2 was 1000 
msec while it was 5 msec for oscilloscope 1. Figure 8.24 shows a noise signal detected by 
piston-C2 recorded by oscilloscope 2 in the time and frequency domains. The frequency 
amplitude spectrum (Figure 8.24b) shows that the noise frequencies are distributed 
evenly through the spectrum. The spectrum does not have a clear frequency peak as in the 
case of Figure 8.23. This suggests that the frequency amplitude spectrum shown in Figure 
8.23 is from a real acoustic emission. 
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8.3.1.6. Summary of experiment 1 
The evaluation of experiment 1 indicates the following results: 
 
1. Two MEMS transducers connected to oscilloscope 1 were able to detect 6 AE events. 
This demonstrates that the MEMS transducers can detect real acoustic emissions.  
2. The sensitivities of the MEMS transducers were not sufficient to detect low amplitude 
AE events that were detected with the PAC R30 and PAC R15 transducers. Thus, the 
sensitivities of the MEMS transducers need to be improved. 
3. The voltage range settings of the oscilloscopes used in this experiment were not 
sufficient to capture both low and high amplitude AE events without clipping the 
signal amplitudes. 
4. The total signal durations of the AE transducers connected to oscilloscope 1 were not 
captured entirely because of the limited sample duration capacity of oscilloscope 1. 
 
8.3.2. Experiment 2 
As mentioned above, the results of experiment 1 were used to revise the oscilloscope 
settings, transducer gains, and channel configurations of experiment 2. Figure 8.25 shows 
the block diagram of experiment 2. Table 8.5 presents the AE transducers connected to 
the oscilloscope channels and the oscilloscope settings. The main changes in experiment 
2 as compared to the previous experiment are the following: 
 
 The pre-amplification gains of the MEMS transducers were increased from 10 to 20.  
 The number of the MEMS transducers connected to the oscilloscope channels was 
increased from 2 to 3.  
 The voltage range of oscilloscope 2 was increased in order to detect most of high 
amplitude AE events without clipping the signal amplitudes. The voltage ranges of 
channels 5 (PAC R30) and 6 (piston-C2) were set to ±20 V and ±0.45 V, respectively.   
 
Additionally, the sample durations were set to 2.5 msec and 1000 msec with sampling 
frequencies as 1 MHz and 500 kHz for oscilloscopes 1 and 2, respectively.  
 
8.3.2.1. The time of occurrence of AE events through the duration of the experiment 
The duration of experiment 2 was approximately 8.0 hours. Figure 8.26 shows the time of 
occurrence of total 28 AE events detected by the PAC R30 transducer through the 
duration of this experiment. In this experiment, there were two regions in which the AE 
event frequency increased. The first region was after 2.5 hours of the experiment. The 
displacement of beam specimen at this time was about 4 mm. This time might be 
interpreted as the formation and accumulation of small cracks. The second region was 
after 5.5 hours of the experiment. The displacement of the beam specimen at this time 
was about 8 mm.   
 
8.3.2.2. AE events relative to load, displacement and crack opening  
Figures 8.27 and 8.28 show the load, displacement and crack opening values at which AE 
events occurred on the load-displacement and load-crack opening plots. Similar to 
experiment 1, the location of every fifth AE event is labeled on the plots. Table 8.6 shows 
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the AE events and corresponding loads. This table also shows which AE events were 
detected by the MEMS transducers and the PAC R15 transducer, in addition to the PAC 
R30 transducer. 
  
There were 8 AE events detected by the PAC R30 transducer before the beam specimen 
reached its maximum load capacity (Pmax=22.81 kN). The MEMS transducers connected 
to oscilloscope 1 detected 2 of them, and the PAC R15 transducer detected 3 of them. 
The AE events detected by the MEMS transducers occurred at loads 18.37 kN (event 5) 
and 21.11 kN (event 8). The output signals of the MEMS transducers for these events are 
presented in Section 8.3.2.4.  
 
At event 9, the load suddenly decreased from 22.81 kN to 18.68 kN. The crack opened 
about 0.59 mm. As in the case of experiment 1, a large crack growth occurred and 
released a high amplitude acoustic emission. All of the AE transducers detected this 
event, including the three MEMS transducers. After Pmax, there were 19 AE events 
detected by the PAC R30 transducer. The MEMS transducers connected to oscilloscope 1 
detected 9 of them. The experiment was stopped when the second load drop occurred 
(load dropped from 17.62 kN to 11.88 kN). 
 
Note that the authenticity of each event was checked. It was found that the events 
detected by multiple transducers always did originate from the crack. 
 
8.3.2.3. Maximum signal amplitudes of the AE transducers 
Figure 8.29 shows the maximum signal amplitudes of AE transducers connected to 
oscilloscope 1. Darkened circles in the figure indicate the AE events detected by the 
MEMS transducers. The other events of the MEMS transducers show the noise. The 
noise amplitudes of the MEMS transducers for this experiment were the same as those of 
previous experiment (about 5 mV). However, the pre-amplification gains of the MEMS 
transducers were increased from 10 to 20. This implies that the noise source for the 
MEMS transducers was not related to the pre-amplifier and the MEMS transducers. It is 
assumed that the noise source was related to post-amplification, e.g., grounding and 
environmental factors. 
 
As mentioned above, the voltage range of oscilloscope 2 was increased in order to 
capture most of the high amplitude AE events without clipping the signal amplitudes. As 
oscilloscope 2 had limited (8-bit) voltage resolution, it did not capture low amplitude AE 
events; it captured events 9, 15, 21, 23, 26 and 28. Event 5 was also a high amplitude AE 
event although oscilloscope 2 did not capture it. It was observed during the experiment 
that there was a problem with recording using oscilloscope 2 before event 5. After event 
5, the experiment was paused and the problem was corrected.  
 
Figure 8.30 shows the maximum signal amplitudes of AE transducers connected to 
oscilloscope 2. When the maximum signal amplitudes of the piston-C2 and PAC R30 
transducers for events 21, 23 and 26 were compared, and the pre-amplification gains of 
the two transducers were considered (the pre-amplification gains of the piston-C2 and 
  8-12
PAC R30 transducers were 20 and 50, respectively), the PAC R30 transducer was about 
107 times more sensitive than piston-C2. Note that events 9, 15 and 28 were not 
considered. The signal amplitudes were clipped for events 9 and 28, and piston-C2 did 
not detect event 15. 
 
8.3.2.4. Normalized cumulative AE count relative to load and displacement 
Section 8.3.1.4 presents how the normalized cumulative AE count is computed. Figure 
8.31 shows, for this experiment, the normalized cumulative AE count versus load 
superimposed on the load-displacement plot for the threshold set as 6 mV, 6 mV, 100 mV 
and 10 mV, for the piston-D1, piston-D2, PAC R30 and PAC R15 transducers, 
respectively. Compared to experiment 1 (Figure 8.17), the AE count accumulation of the 
MEMS transducers initiated earlier than Pmax, at a 4.4 mm displacement, and an 18.3 kN 
load. The MEMS transducers exhibited better performance in this experiment as AE 
transducers compared to the previous experiment. As compared to experiment 1, the plots 
of the MEMS transducers compare well to the plot obtained from the PAC R30 
transducer.  
 
8.3.2.5. Variation in output signal amplitudes, waveforms and durations 
Figures 8.32 and 8.33 show the output signals of the AE transducers recorded by 
oscilloscope 1 from events 5 (load=18.37 kN) and 8 (load=21.11 kN). These events 
occurred before Pmax, and were detected by the MEMS transducers. The signal amplitude 
difference of events 5 and 8 are clear.  At event 5, the MEMS transducers, pistons D1 and 
D2, had approximately 20 mV amplitude signals. At event 8, they had approximately 5 
mV amplitude signals.  
 
Figure 8.34 shows the frequency amplitude spectra of the signals detected at event 5. 
Piston-D1 has two frequencies centered approximately at 210 kHz and 310 kHz (note that 
piston-D1 has two experimental (admittance) resonant frequencies as 187 kHz and 275 
kHz). Piston-D2 has two frequencies centered approximately at 190 kHz and 340 kHz 
(note that piston-D2 has two experimental (admittance) resonant frequencies as 210 kHz 
and 317 kHz). The second frequencies of the MEMS transducers are clearer than their 
first frequencies.  
 
Figure 8.35 shows the output signals of the PAC R30 and piston-C2 transducers recorded 
by oscilloscope 2 from event 9. This event corresponds to the first load drop. The signal 
amplitude of piston-C2 was clipped because of the voltage range setting. While the 
voltage range of the PAC R30 transducer was set to ±20 V, the output signal of this 
transducer had a very flat top at around 14 V. This is interpreted to be the result of 
saturation of the pre-amplifier that the PAC R30 transducer was connected to. 
  
Event 23 was also a high amplitude AE event occurred at the 18.28 kN load. Figure 8.36 
shows the output signals of the PAC R30 and piston-C2 transducers recorded by 
oscilloscope 2. The PAC R30 transducer has about 11.5 V maximum signal amplitude 
and 6 msec duration while these values are 0.052 V and 4 msec for piston-C2.  
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The comparison of the output signals recorded by oscilloscopes 1 and 2 for this event is 
presented in Figures 8.37 and 8.38. The sample duration capacity and voltage range 
setting of oscilloscope 1 clip the total durations and amplitudes of signals, and these 
signals become useless.  
 
8.3.2.6. Summary of experiment 2 
The evaluation of experiment 2 indicates the following results: 
 
1. The increase in the pre-amplification gains of the MEMS transducers enabled them to 
detect low amplitude AE events before the beam specimen reached its maximum load 
capacity.  
2. The increase in the pre-amplification gains of the MEMS transducers did not change 
their noise amplitudes. The noise source of the MEMS transducers are related to the 
post-amplification.  
3. The frequencies of the MEMS transducers are close to their resonant frequencies 
obtained by admittance measurements in coarse vacuum.  
4. The PAC R30 transducer is about 107 times more sensitive than piston-C2.  
5. The pre-amplification gain of the PAC R30 transducer should be reduced in order to 
avoid the overloading pre-amplifier, and thus distorting the signal.  
6. The sample duration capacity and voltage range setting of oscilloscope 1 were 
insufficient to detect high amplitude and long duration AE events without clipping. 
 
8.3.3. Experiment 3 
As mentioned above, the results of experiment 2 were used to revise the oscilloscope 
settings, transducer gains, and channel configurations of experiment 3. Figure 8.39 shows 
the block diagram of experiment 3. Table 8.7 presents the AE transducers connected to 
the oscilloscope channels and the oscilloscope settings. The main changes in this 
experiment as compared to the previous experiment are the following: 
 
 The number of the MEMS transducers connected to the oscilloscope channels was 
increased from 3 to 5.  
 The pre-amplification gain of the PAC R30 transducer was reduced from 50 to 20. 
 The PAC R15 transducer was not used. 
 Oscilloscope 3 was employed. The channels of oscilloscope 3 are named as channels 7 
and 8. 
 The voltage ranges of oscilloscopes 1 and 2 were set to detect low amplitude AE 
events. For oscilloscope 3, the voltage ranges of channels 7 (PAC R30) and 8 (piston-
D1) were set to ±10 V and ±1 V, respectively. 
 
The PAC R30 transducer was also connected to the external trigger channel of 
oscilloscope 2. Additionally, the sample durations of oscilloscopes 1, 2 and 3 were set to 
2.5 msec, 50 msec and 500 msec with sampling frequencies as 1 MHz, 2 MHz and 1 
MHz, respectively. The pre-trigger duration of each oscilloscope was set to 5% of the 
sample duration.  
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8.3.3.1. The time of occurrence of AE events through the duration of the experiment 
The duration of experiment 3 was approximately 5.5 hours. In this experiment, the PAC 
R30 transducer detected only 5 AE events (2 of them corresponded to load drops). The 
MEMS transducers detected the 2 events that occurred at the load drops. 
 
8.3.3.2. AE events relative to load, displacement and crack opening 
Figures 8.40 and 8.41 show the load, displacement and crack opening values at which AE 
events occurred on the load-displacement and load-crack opening plots. The locations of 
events 1 and 5 are labeled on the plots. Table 8.8 shows the AE events and corresponding 
loads. This table also shows which AE events were detected by the MEMS transducers, 
in addition to the PAC R30 transducer. The MEMS transducers detected the 2 events that 
occurred at the load drops. The inability to detect any AE event with channel 5 (piston-
D2) indicates that this transducer did not work properly. 
 
At event 3, the load suddenly decreased from 22.65 kN to 14.33 kN. The crack opened 
about 1.45 mm corresponding to this load drop. This compared to 0.83 mm in the testing 
of beam 1 and 0.59 mm in the testing of beam 2. As in the previous experiments, a high 
amplitude acoustic emission was released. This event was detected by all of the 
transducers, except piston-D2. The experiment was stopped when the second load drop 
occurred (load dropped from 13.57 kN to 9.26 kN). This event was also detected by all of 
the transducers, except piston-D2. 
 
8.3.3.3. Variation in output signal amplitudes, waveforms and durations 
As mentioned above, the voltage range of oscilloscope 3 was set to a relatively high level 
as compared to oscilloscopes 1 and 2. However, the signal amplitudes of the PAC R30 
transducer at the AE events occurred at the load drops were still clipped. The output 
signal recorded by channel 8 (piston-D1) at event 5 (the second load drop) was an 
unclipped signal, and its output signal in the time and frequency domains are presented in 
Figure 8.42.  
 
As Figure 8.42 shows, low frequencies (lower than 100 kHz) are involved in the 
frequency amplitude spectrum. Note that the source of low frequencies is not known. The 
output signal was filtered using a 150 kHz high-pass filter and shown in Figure 8.43. 
After filtering, the resonant frequencies of piston-D1 (piston-D1 has experimental 
(admittance) resonant frequencies of 187 kHz and 275 kHz) dominate the spectrum. The 
signal amplitude reduced to half of the original signal.  
 
Figure 8.44 compares the output signals of piston-D1 recorded by oscilloscopes 1 and 3 
from event 5. Oscilloscope 1 clips the signal amplitude. The clipped signal amplitude led 
to deduce that the AE event continued after the sample signal ended. However, 
oscilloscope 3 indicates that the significant part of the AE event occurred in the initial 0.5 
msec; then the response of the transducer controlled the rest of the signal. This 
observation suggests that the threshold value for AE count and the duration of an AE 
event should depend on the signal shape and amplitude.  
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8.3.3.4. Summary of experiment 3 
The evaluation of experiment 3 indicates the following results: 
 
1. The four MEMS transducers simultaneously detected two AE events. 
2. This experiment did not give sufficient indication about the performance of the MEMS 
transducers because of insufficient number of AE events. 
3. The threshold value for AE count and the duration of an AE event should depend on 
the signal shape and amplitude. 
 
8.3.4. Experiment 4 
The same block diagram in experiment 3 was used in this experiment, and it is shown in 
Figure 8.45. Table 8.9 presents the AE transducers connected to the oscilloscope 
channels and the oscilloscope settings. Five MEMS transducers were connected to 
channels 2 to 6 and 8. The PAC R30 transducer was connected to channels 1 and 7. 
Channels 1 and 7, and channels 4 and 8 were the same transducers (PAC R30 and piston-
C1).  
 
The oscilloscope settings of experiment 4 were the same as those of experiment 3 except 
for the voltage range of channel 8. It was set as ± 2 V for this experiment compared to ± 
1 V for the previous experiment. 
 
8.3.4.1. The time of occurrence of AE events through the duration of the experiment 
The duration of experiment 4 was approximately 9.5 hours. Figure 8.46 shows the time of 
occurrence of total 33 AE events detected by the PAC R30 transducer through the 
duration of this experiment. As the figure indicates, there were two regions in which the 
AE event frequency increased. The first region was after 3 hours of the experiment. The 
displacement of beam specimen at this time was about 4.9 mm. The second region was 
after 8 hours of the experiment. The displacement of beam specimen at this time was 
about 13.3 mm.   
 
Note that the loading rate was increased to 0.25 mm/min when the load reduced to half of 
its maximum value (this is about after 8 hours of the experiment).  
 
8.3.4.2. AE events relative to load, displacement and crack opening 
Figures 8.47 and 8.48 show the load, displacement and crack opening values at which AE 
events occurred on the load-displacement and load-crack opening plots.  As in 
experiments 1 and 2, the location of every fifth AE event is labeled on the plots. At event 
17 (the first load drop), the clip gauge which measured the crack opening parted from the 
knives which were mounted to the two sides of the notch in order to hold the clip gauge 
edges. Therefore, the measurement of crack opening stopped after event 17.   
 
Table 8.10 shows the AE events and corresponding loads. This table also shows which 
AE events were detected by the MEMS transducers, in addition to the PAC R30 
transducer. Figure 8.49 shows the AE events detected by the MEMS transducers on the 
load-displacement plot. It is clear that the MEMS transducers showed better performance 
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in this experiment compared to the previous experiments in terms of detecting many AE 
events earlier than Pmax. Note that events 11 and 28 were detected by a single MEMS 
transducer. 
 
There were 17 AE events detected by the PAC R30 transducer before the beam specimen 
reached its maximum load capacity (Pmax=23.48 kN). The MEMS transducer connected 
to channel 4 detected 10 of them. The other MEMS transducers connected to oscilloscope 
1 detected 9 of them. At event 17, the load suddenly decreased from 23.48 kN to 15.00 
kN. The oscilloscopes 1 and 3 were unavailable during the occurrence of load drop 
despite the use of the very slow loading rate of 0.025 mm/min. These oscilloscopes were 
storing the previous AE event to the hard drive. Therefore, they did not capture this 
event. However, oscilloscope 2 captured this event as oscilloscope 2 was not recording 
that previous AE event. As mentioned earlier, as oscilloscopes have different noise 
levels, it is possible to detect an AE event by one oscilloscope while the other does not. 
 
After Pmax, there were 16 AE events detected by the PAC R30 transducer. The MEMS 
transducer connected to channel 3 detected 4 of them. The other MEMS transducers 
connected to oscilloscope 1 detected 3 of them. The experiment was stopped when the 
second load drop occurred (load dropped from 9.61 kN to 2.41 kN). This event was 
detected by all the AE transducers. 
 
Note that the authenticity of each event was checked. It was found that the events 
detected by multiple transducers always did originate from the crack. 
 
8.3.4.3. Maximum signal amplitudes of the AE transducers 
Figure 8.50 shows the maximum signal amplitudes of AE transducers connected to 
oscilloscopes 1 and 2. Darkened circles in the figure indicate the AE events detected by 
the MEMS transducers. The other events of the MEMS transducers show the noise. Note 
that oscilloscope 2 did not record all AE events of oscilloscope 1 (listed in Table 8.10). 
The PAC R30 transducer was the trigger source for both oscilloscopes; however, it was 
connected to the external trigger channel of oscilloscope 2, not a recorded channel. 
Additionally, as mentioned before, these oscilloscopes have different noise levels. These 
two points might be the reasons why oscilloscope 2 did not record all AE events of 
oscilloscope 1.  
 
The averaged maximum amplitudes of the output signals of the AE transducers connected 
to oscilloscope 1 were computed using AE events 3, 4, 5, 8, 9, and 14. These events 
represent the AE events that the MEMS transducers detected before Pmax after discarding 
the AE events which exceeded maximum voltage range of oscilloscope 1 (events 5 and 
12). The averaged maximum amplitudes were found as 7.7 mV, 11.1 mV, 12.1 mV and 
517 mV for the piston-C3, piston-C2, piston-C1 and PAC R30 transducers, respectively.  
Considering the averaged maximum amplitude ratios of the transducers as their relative 
sensitivities, the PAC R30 transducer was approximately 52 times more sensitive than the 
MEMS transducers. The sensitivities of the MEMS transducers were close to each other.  
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In experiment 2, it was found that the PAC R30 transducer was about 107 times more 
sensitive than piston-C2. The difference between experiments 2 and 4 was the couplant 
material. In experiment 2, the couplant material of the MEMS device was vacuum grease; 
however, in experiment 4, it was changed to superglue. The change in the couplant 
material provided better acoustic coupling between the MEMS device and the beam 
specimen.  
 
It is noted here that the amplitudes of the input signals that the MEMS transducers and 
the PAC R30 transducer were subjected to might be different because the transducers 
were located to different places relative to the crack. The angle between the MEMS 
transducers and the crack was -70° while the angle between the PAC R30 transducer and 
the crack was -50° as given in Table 8.1.  
 
8.3.4.4. Normalized cumulative AE count relative to load and displacement 
Figure 8.51 shows the normalized cumulative AE count versus load superimposed on the 
load-displacement plot for the threshold set as 5.5 mV and 280 mV for the MEMS 
transducers and the PAC R30 transducer, respectively. The threshold set was chosen 
using the sensitivity ratio of the MEMS transducers and the PAC R30 transducer (given 
above).  
 
The normalized cumulative AE count data for the MEMS transducers connected to 
oscilloscope 2 had a larger jump at the first load drop than the results of the AE 
transducers connected to oscilloscope 1. As mentioned above, oscilloscope 1 was 
unavailable as it was storing the previous AE event to the hard drive. Therefore, the AE 
signal at the first load drop was not recorded by oscilloscope 1.   
 
The displacement and load in which AE counts started to accumulate was 5.2 mm and 
20.9 kN, respectively. The load level was about 89% of Pmax (23.48 kN). The MEMS 
transducers provided five data sets for each event. Therefore, the displacement and load 
values at the AE count accumulation (interpreted as the formation and accumulation of 
small cracks) were read more accurately because of redundant measurement compared to 
previous beam specimens. The plots of the MEMS transducers connected to oscilloscope 
1 and the PAC R30 transducers have similar profiles. 
 
8.3.4.5. Variation in output signal amplitudes, waveforms and durations 
In this section, only the output signal of piston-C1 (channel 7) detected at the second load 
drop is presented. The variation in signal amplitudes of the MEMS transducers at 
different load levels is presented in Section 8.4.1. 
 
Figure 8.52 shows the output signal of piston-C1 recorded by oscilloscope 3 from event 
33 (the second load drop) and its frequency amplitude spectrum. Figure 8.52b exhibits a 
clean frequency amplitude spectrum because the output signal of piston-C1 in time 
domain is very strong. Figure 8.52 indicates that the low frequencies were involved in the 
spectrum as in the case of experiment 3 (Figure 8.42). The output signal was filtered 
using an 80 kHz high-pass filter and shown in Figure 8.53. After filtering, the resonant 
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frequencies of piston-C1 (piston-C1 has experimental (admittance) resonant frequencies 
of 107 kHz and 150 kHz) dominate the spectrum. The signal amplitude reduced to half of 
the original signal.  
 
8.3.4.6. Summary of experiment 4 
The evaluation of experiment 4 indicates the following results: 
 
1. The five MEMS transducers successfully detected 60% of the AE events detected by 
the PAC R30 transducer before the beam specimen reached its maximum load 
capacity. 
2. As the MEMS transducers provided five data sets for each AE event, the 
displacement and load values at the AE count accumulation were read more 
accurately from the normalized cumulative AE count versus load superimposed on 
the load-displacement plot as compared to the previous experiments. 
3. The ability of the MEMS transducers to detect an AE signal was increased in 
experiment 4 as compared to experiment 2 because of better acoustic coupling 
between the MEMS device and the beam specimen provided by superglue. 
4. The PAC R30 transducer was approximately 52 times more sensitive than the MEMS 
transducers. 
 
In experiment 4, there occurred several AE events before the beam specimen reached its 
maximum load capacity. The five MEMS transducers detected many of these events. The 
output signals of the MEMS transducers recorded in this experiment were therefore used 
in further analyses and presented in Section 8.4. 
 
8.4. EVALUATION OF THE MEMS TRANSDUCERS USING THE RESULTS OF 
EXPERIMENT 4 
In the following sections, the output signals of the MEMS transducers recorded in 
experiment 4 are further analyzed using the following approaches: 
 
 A comparison of the output signals of the MEMS transducers and their frequency 
amplitude spectra at various load levels. 
 A cross-correlation algorithm to distinguish noise signals from AE signals. 
 A study on the determination of arrival time and wave velocity. 
 
8.4.1. Comparison of the Output Signals of the MEMS Transducers and their 
Frequency Amplitude Spectra at Various Load Levels 
The figures presented in this section show that the output signals of five different MEMS 
transducers were successfully detected for each AE event caused by a real acoustic 
emission source. The figures also show the potential usage of the MEMS transducers for 
the identification of the frequency spectrum of the input signal by comparing the output 
signals of individual MEMS transducers in time domain. The output signals of five 
MEMS transducers and their frequency amplitude spectra are presented and compared for 
three AE events: event 3 (load=21.1 kN); event 12 (load=22.6 kN); and event 31 
(load=10.3 kN). 
  8-19
Figure 8.54 shows the output signals of the MEMS transducers detected at event 3 
(load=21.1 kN). The MEMS transducers have the similar signal shapes. The maximum 
signal amplitudes of the MEMS transducers are close to each other with an average value 
of about 11 mV. Figure 8.55 shows the same signals after 50 kHz high-pass filtering. The 
amplitudes and shapes of the signals do not change after filtering. 
 
Figure 8.56 presents the frequency amplitude spectra of the filtered signals shown in 
Figure 8.55. The sampling frequency for pistons D2 and D3 was 2 MHz. The sampling 
frequency for other MEMS transducers was 1 MHz. Therefore, pistons D2 and D3 had a 
frequency amplitude spectrum up to 1 MHz; the remaining MEMS transducers had a 
frequency amplitude spectrum up to 500 kHz.  
 
Pistons C1, C2, C3, D2 and D3 have two experimental (admittance) resonant frequencies 
as 107 kHz and 150 kHz, 150 kHz and 207 kHz, 178 kHz and 252 kHz, 210 kHz and 317 
kHz, and 272 kHz and 405 kHz, respectively. There is good comparison with these 
values and the results in Figure 8.56. Note that the noise frequencies for pistons D2 and 
D3 (these transducers were connected to oscilloscope 2) are distributed evenly through 
their frequency amplitude spectra. 
 
Figure 8.57 shows the output signals of the MEMS transducers detected at event 12 
(load=22.6 kN). The MEMS transducers have the similar signal shapes. The maximum 
signal amplitudes of the MEMS transducers approximately doubled as compared to those 
of event 3. Figure 8.58 presents their frequency amplitude spectra after 50 kHz high-pass 
filtering. Compared to Figure 8.56, the frequencies of the MEMS transducers are clearer 
because of the stronger output signals in time domain for event 12 as compared to event 
3. 
 
Figure 8.59 shows the output signals of the MEMS transducers detected at event 31 
(load=10.3 kN). The low frequency MEMS transducers (pistons C1 and C2) responded 
stronger than the high frequency MEMS transducers (pistons C3, D2 and D3). Figure 
8.60 presents their frequency amplitude spectra after 50 kHz high-pass filtering. A low 
frequency, approximately centered at 130 kHz, is present in the frequency amplitude 
spectra of all MEMS transducers. The source of this frequency is not known.  The 
admittance tests did include testing at this low frequency for some transducers (e.g., 
piston-C3, piston-D3 shown in Figure 7.8), and this low frequency was not in the 
admittance plots of the MEMS transducers. However, it is not clear if this low frequency 
peak results from the response of the transducer or from an artifact in the electronics of 
the test set-up. 
 
8.4.2. Cross Correlation Algorithm to Distinguish Noise Signals from AE Signals 
The output signals of the MEMS transducers located on the same point should have 
essentially the same arrival times. It is assumed that a noise signal has a random shape, 
and that it does not have well-defined signal initiation and end. However, an AE signal 
(i.e., burst emission) has a more clearly defined waveform initiation and end. If the 
arrival times of the signals detected by the MEMS transducers are the same, the signals 
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are classified as AE signals, and otherwise, as noise signals. An algorithm using the cross 
correlation method was written in Matlab. The algorithm compares the arrival times of 
the output signals of the MEMS transducers and identifies the signals as either noise 
signals or AE signals using the condition explained below. 
 
Section 2.2.5.1 presented the cross correlation method to determine the arrival times of 
signals. The cross correlation function for discrete and finite duration signals is 
∑
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τyyR  is the cross correlation coefficient of two signals, y1 and y2, as a function 
of a time delay τ . In signal processing, the cross correlation function reveals the degree 
of similarity between two signals as a function of a time delay. A distinct peak means that 
the two signals are matched for that particular time delay.  
Figure 8.61 presents the proposed algorithm for the MEMS transducers using the cross 
correlation method to distinguish noise signals and AE signals. When two transducers 
have the same arrival times, the time delay of the distinct peak of their cross correlation 
coefficients depends on their resonant frequencies. Therefore, it is assumed that time 
delay of two signals cross correlated to each other should depend on the difference of the 
inverse of their resonant frequencies. 
 
The condition used to classify a signal as a noise signal or an AE signal is the following. 
A signal detected by a MEMS transducer is cross correlated with two other signals 
detected by two other MEMS transducers. If the two time delays are in the range of the 
difference of the inverse of their resonant frequencies, this signal is identified as an AE 
signal.  In Figure 8.61, τmx is the time delay of signals ym and yx, τmy is the time delay of 
signals ym and yy, nm yyR is the cross correlation coefficients of signals ym and yn, fm is the 
resonant frequency of ym, fx is the resonant frequency of signal yx, and fy is the resonant 
frequency of signal yy.  
 
The algorithm was applied to the output signals of the MEMS transducers recorded by 
oscilloscope 1. The translational resonant frequencies of the MEMS transducers obtained 
by admittance measurements were used. There were 3 MEMS transducers for arrival time 
comparisons and 3 cross correlation coefficients per event. The program for the algorithm 
was written in Matlab.  
 
The results presented in Table 8.10 suggest that events 3, 4, 5, 7, 8, 9, 11, 12, 14, 17, 25, 
28, 31 and 33 were AE events detected by the MEMS transducers. Application of the 
algorithm described above indicated that events 3, 4, 5, 7, 8, 9, 12, 14, 17, 25, 31 and 33 
were AE events. The algorithm did not find that events 11 and 28 are AE events, since 
these events were detected by only a single MEMS transducer.  
 
It is important to note that this algorithm can identify a signal as a noise signal or an AE 
signal if it is not in the shape of a typical AE signal, e.g., if it is in the shape of noise. The 
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algorithm identifies the signal as an AE signal even if the signal is generated by an 
external simulation other than a real AE source, e.g., by impact.   
 
8.4.3. Study on the Determination of Arrival Time and Wave Velocity  
In this section, three methods for determining arrival times are discussed: static threshold, 
dynamic threshold and AIC methods. The wave velocity propagating in the beam 
specimen is determined using the dynamic threshold and AIC methods. The advantage of 
the MEMS transducers which provided redundant arrival time readings from a point is 
discussed.  
 
As mentioned in Section 2.2.5, the source localization using the output signals of multiple 
AE transducers involves two steps. The first step is to determine signal arrival times. The 
second step is to quantify the source location spatially using arrival time differences of 
multiple AE transducers mounted on the test specimen. It was pointed out that an error of 
arrival times leads to an error on the source location result. Therefore, determining arrival 
times of the output signals of the AE transducers are important for an accurate AE source 
localization.  
 
8.4.3.1. Static threshold method 
The simplest and most often used method is the static threshold method. The first 
crossing of an AE signal that exceeds a specified threshold value is considered as the 
arrival time.  The method has problems for low signal-to-noise ratio signals and multiple-
wave phase (e.g., P-wave, S-wave etc.) arrivals.  
 
Figure 5.55 shows an example to determine the arrival times using threshold method, and 
then to compute the wave velocity. The arrival times of output signals of AE transducers 
connected to oscilloscope 1 were determined for two different set of threshold values. 
Figure 8.62 shows the arrival time readings of event 3 for threshold set 1 taken as 
threshold voltages of 5.5 mV and 100 V for the MEMS transducers and the PAC R30 
transducer, respectively. The values of the threshold voltages in threshold set 1 are noted 
on the figure (named as Vth). Table 8.11 shows the arrival time readings for threshold set 
1. 
 
Figure 8.63 shows the distances of the MEMS device and the PAC R30 transducer to the 
crack. As mentioned in Section 8.2.3, there was a 2 cm thick steel block between the 
surface of the ceramic package of the MEMS device and the beam specimen. Therefore, 
the acoustic path between the MEMS device and the crack was 11.4 cm. The distance 
between the PAC R30 transducer and the crack was 5.0 cm. Then, the relative distance of 
the PAC R30 transducer and the MEMS transducers to the crack was 6.4 cm. 
 
As the relative distance of the AE transducers to the crack L is known (L=6.4 cm), so 
determining the two arrival times gives the velocity of the fastest wave using the well-
known equation given in Figure 5.55. The wave velocity values for three arrival time 
differences of the MEMS transducers and the PAC R30 transducer (i.e., PAC R30/piston-
C3, PAC R30/piston-C2, and PAC R30/piston-C1) are shown in the Table 8.12.  
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Threshold set 2 was selected using the relative sensitivities of the MEMS transducers and 
the PAC R30 transducer as shown in Section 8.3.4.3, and chosen as 5.5 mV and 280 mV 
for the MEMS transducers and the PAC R30 transducer, respectively. Figure 8.64 shows 
the arrival time readings of event 3 for threshold set 2. The values of the threshold 
voltages in threshold set 2 are noted on the figure (named as Vth). The arrival time 
readings and the wave velocity values are presented in Tables 8.11 and 8.12. The wave 
velocity changes from approximately 2000 m/sec for the threshold set 1 to 2900 m/sec for 
the threshold set 2.  
 
P-wave and S-wave velocities in steel are 5950 m/sec and 3100 m/sec, respectively [72]. 
Threshold set 1 results in a wave velocity which is not close to either P-wave velocity or 
S-wave velocity. Threshold set 2 results in a wave velocity close to the S-wave velocity. 
It is proposed that the MEMS transducers detected the S-wave because of the crack type, 
the orientation of the MEMS transducers to the crack and the sensitivity levels of the 
MEMS transducers. However, it is thought that the PAC R30 transducer detected the P-
wave first, and then detected the S-wave. A quantitative explanation of the proposition 
about detecting different wave phases by the MEMS transducers and the PAC R30 
transducer is presented below. 
 
Using 100 mV as the threshold, the arrival time of the output signal of the PAC R30 
transducer was -2 µsec, while it changed to 7 µsec for the 280 mV threshold (given in 
Table 8.11). The following equations show that the PAC R30 transducer detected the P-
wave first, and then detected the S-wave. 
 
The well-known equation for time-velocity-distance was applied to two different wave 
phase (P-wave and S-wave) arrivals of the PAC R30 transducer as 
P
P V
rTtrVTt =−→=− 11 )(         (8.4) 
S
S V
rTtrVTt =−→=− 22 )(         (8.5) 
where t1 is the arrival time reading of threshold set 1, t2 is the arrival time reading of 
threshold set 2, r is the distance between the PAC R30 transducer and the crack, and 
equals 5.0 cm, T is the initiation of the wave release, VS is the S-wave velocity and equals 
3100 m/sec, VP is the P-wave velocity and equals 5950 m/sec. Subtracting Equation 8.4 
from Equation 8.5 results in 
PS V
r
V
rtt −=− 12          (8.6) 
Substitution of r, VP and VS results in sec7.712 µ=− tt . The difference of the arrival time 
results of the output signals of the PAC R30 transducer for two threshold sets was 9.0 
µsec. The experimental result is different about 16% from the analytical value, 7.7 µsec, 
which may be considered as a reasonable difference for a near field measurement. 
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Note that the tested beam specimen is a compact specimen. There might be other possible 
ray paths that the P-waves followed to reach to the AE transducers. However, the other 
possible ray paths other than the direct P-wave and S-wave were not studied. 
 
Lysak showed the angular amplitude changes of the longitudinal and shear waves for 
three types of crack growths [73]. Figure 8.65 shows the angular dependence of elastic 
wave amplitudes, which are normalized to maximum amplitudes, for normal tear, 
transverse shear and longitudinal shear. In this figure, 1 represents longitudinal wave (P-
wave), 2 represents shear wave (S-wave).  
 
The crack type studied in this study was normal tear. Therefore, the behaviors of the 
waves are represented by Figure 8.65a. As the angle between the MEMS transducers and 
the crack was 70°, the amplitudes of S-waves were stronger than those of P-waves. The 
angle between the PAC R30 transducer and the crack was -50°. At this angle, the 
amplitudes of S-waves were still stronger than those of P-waves. However, the sensitivity 
of the PAC R30 transducer was higher than the sensitivities of the MEMS transducers, so 
the PAC R30 transducer also detected the arrivals of P-waves. The comparison of 
amplitudes of the first threshold crossings for the PAC R30 transducer using threshold set 
1 in Figure 8.62 (the amplitude of P-wave) and using threshold set 2 in Figure 8.64 (the 
amplitude of S-wave) shows that the amplitude of S-wave was stronger than the 
amplitude of P-wave. 
 
Choosing the threshold values for the transducers using their relative sensitivities was 
used to determine the arrival times of the output signals of the transducers for the same 
wave phase. Note that the angles of the transducers to the crack were close (given in 
Table 8.1); therefore the transducers detected the strongest wave phase as the S-wave.  
 
However, this threshold set cannot capture low amplitude AE events, as shown in Figure 
8.66 for event 8, as the threshold values were too high.  
 
8.4.4.2. Dynamic threshold method 
Section 2.2.5.1 described an arrival time reading method proposed by Grosse et al. They 
developed a software program similar to that used to localize earthquake hypocenters. 
The method considers waveforms, signal energies and noise conditions to determine 
threshold values [27].  Using the idea of this method, in this study, a dynamic threshold 
method was used to read the arrival times. Threshold values were changed from one AE 
event to another as follows: half of the maximum amplitude of an output signal detected 
in an AE event was set as the threshold value. 
 
Figure 8.67 shows the wave velocity values for the events in which the cross correlation 
algorithm explained in Section 8.4.2 found them as AE events detected by the MEMS 
transducers. The figure is plotted in the range of 0-6000 m/sec; therefore, while there 
were three measurements per event, some of those measurements were not shown in 
Figure 8.67 because they were out of range. The wave velocity values for AE events 
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before Pmax are close to each other. As shown in Table 8.10, the most of AE events 
detected by the MEMS transducers occurred before Pmax.  
 
The mean wave velocity for the computed wave velocities in the range of 2800-3500 
m/sec resulted in 2910 m/sec, which is close to the S-wave velocity. Note that it was 
assumed that the crack growth did not change the distance between the transducers and 
the crack. 
 
8.4.4.3. AIC method 
In addition to the dynamic threshold method, the AIC method was also used to find the 
wave velocity. The details of the method were explained in Section 2.2.5.1.  
 
The AIC method depends on the choice of a proper window to read the selected window 
minimum as the arrival time of the strongest wave phase. The signal energy envelope was 
found using Hilbert transform and computed by the following equation.  
       )()()( 22 tytyte H+=                                              (2.6) 
where e(t) is the signal energy envelope, y(t) is output signal, yH(t) is the Hilbert 
transform of y(t). Hilbert transforms were computed in Matlab. The time window of a 
signal which includes the highest energy of the complete signal was identified.   
 
Figure 8.68 shows the signal energy envelopes for event 3 in terms of record length N. 
The amplitudes of envelopes are high between 50 and 200 data points. It is concluded 
that this region includes the highest energies of signals or the strongest wave phases. 
Therefore, the AIC method was applied to between 50 and 200 data points. Figure 8.69 
presents the AIC values on the output signals of the transducers for event 3. The 
minimum value represents the arrival times of the strongest phase in the windowed time. 
Figure 8.70 shows the wave velocity results of the AIC method. There were ten results in 
the range of 2800-3500 m/sec and the mean wave velocity using these results was found 
as 3050 m/sec.  
 
The advantage of the MEMS transducers for the accuracy of the wave velocity 
measurement is to provide the redundant measurement from a point per event. In this 
case, three MEMS transducers were used. The number of the MEMS transducers could 
be increased to seven. Note that the results of oscilloscope 2 were not used. Figures 8.67 
and 8.70 indicate that redundant measurement from a point per event made it easier to 
identify outliers.  
 
8.5. SUMMARY 
This chapter presented tests that used the G2 transducers to detect real acoustic 
emissions. Four welded steel beam specimens were tested using a four-point bending set-
up. The results of one experiment were used to revise the oscilloscope setting, transducer 
gains, and channel configurations of the next experiment. In experiment 4, the output 
signals of five different MEMS transducers were recorded simultaneously, and the 
MEMS transducers detected a multiple number of the AE events earlier than Pmax. 
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Therefore, the results of experiment 4 showed the viability of the MEMS transducers for 
the evaluation of real AE sources. 
 
The following are the main conclusions of this chapter: 
 
1. For the first time, the MEMS transducers developed in this research were used 
successfully to detect real acoustic emissions caused by damage in a test structure. 
2. Redundant measurement from a point provided by the MEMS transducers increased 
the accuracy of wave velocity measurement.  
3. The comparison of output signals of five different resonant MEMS transducers 
identified the frequency content of the input signal. 
4. An algorithm that applied the cross correlation method to the output signals of the 
MEMS transducers successfully distinguished noise signals from AE signals. 
5. Assuming that the averaged maximum amplitude ratios of the transducers are the 
same as the relative sensitivities, the PAC R30 transducer is approximately 52 times 
more sensitive than the MEMS transducers. 
6. The voltage outputs of the MEMS transducers in experiment 4 were improved as 
compared to experiment 2 because of better acoustic coupling in experiment 4 
provided by the superglue.  
7. In experiments 2 and 4, the normalized cumulative AE counts of the MEMS 
transducers and the PAC R30 transducer superimposed on the load-displacement 
plots had similar profiles. 
8. It is shown that the MEMS transducers detected S-wave. However, the PAC R30 
transducer detected the P-wave first, and then detected the S-wave. The type of the 
crack, the orientations of the MEMS transducers and the PAC R30 transducer to the 
crack, and the sensitivity differences of the MEMS transducers and the PAC R30 
transducer are the reasons of detections of two different wave phases by the MEMS 
transducers and the PAC R30 transducers. 
9. The dynamic threshold which changes as a function of the maximum amplitude of a 
signal resulted in a good estimate of the arrival time, and therefore of the wave 
velocity. 
10. AIC method which is independent from a threshold choice was successful for the 
estimate of the arrival time, and therefore of the wave velocity.  
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Table 8.1 Transducers used and related information for the four experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. Two resonant frequencies given for the piston transducers corresponding to rotational and translational modes obtained by the admittance 
measurement in coarse vacuum. 
2. PAC R30 used as the trigger channel in the testing of all beam specimens and also to record the total number of AE events. 
 
 
 
Experiment Transducers Used Resonant Frequency1 (kHz) 
Distance to 
Crack (cm) 
Angular Direction 
to Crack 
(Clockwise) 
Pre-amplification 
PAC R302 300 5.0 -50° 50 
PAC R15 150 19.3 -80° - 
piston-C2 150-207 1 2 MEMS 
transd
ucers piston-C1 107-150 
11.4 70° 10 
PAC R302 300 5.0 -50° 50 
PAC R15 150 19.3 -80° - 
piston-D1 187-275 
piston-D2 210-317 
2 3 MEMS 
transd
ucers piston-C2 150-207 
11.4 70° 20 
PAC R302  5.0 -50° 20 
piston-C3 178-252 
piston-C1 107-150 
piston-D1 187-275 
piston-D2 210-317 
3 4 MEMS 
transd
ucers 
piston-D3 272-405 
11.4 70° 20 
PAC R302 300 5.0 -50° 20 
piston-C3 178-252 
piston-C2 150-207 
piston-C1 107-150 
piston-D3 272-405 
4 5 MEMS 
transd
ucers 
piston-D2 210-317 
11.4 70° 20 
8-26
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Table 8.2 Maximum load capacity, duration and total AE events of the four experiments. 
 
Number of AE Events  
Detected by PAC R30 
Number of AE Events  
Detected by MEMS Transducers 
Experiment Pmax  (kN) 
Duration
(hour) 
Before and at Pmax After Pmax Before and at Pmax After Pmax 
1 24.17 5.26 10 26 1 5 
2 22.81 7.99 9 19 3 9 
3 22.65 5.43 3 2 1 1 
4 23.48 9.46 17 16 10 4 
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Table 8.3 Oscilloscope channels and settings of experiment 1. 
 
Oscilloscope Channel Transducer 
Sampling 
Frequency 
(kHz) 
Sample 
Duration 
(msec) 
Pre-
trigger  
Voltage  
Range (V) 
1 PAC R30 ± 2.5 
2 PAC R15 ± 0.25 
3 piston-C2 ± 0.025 1 
4 piston-C1 
500 5 50% 
± 0.025 
5 PAC R30 ± 0.5 2 
6 piston-C2 
500 1000 5% ± 0.025 
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Table 8.4 AE events and the signal detection results of each transducer for experiment 1. 
 
Detection 
Oscilloscope 1 Oscilloscope 2 AE 
Event 
Load 
(kN) 1 
PAC R30 
2 
PAC R15
3 
piston-C2 
4 
piston-C1 
5 
PAC R30 
6 
piston-C2 
1 5.35 yes - - - yes - 
2 12.91 yes - - - yes - 
3 15.24 yes - - - yes - 
4 16.07 yes - - - yes - 
5 16.09 yes - - - yes - 
6 17.55 yes - - - yes - 
7 19.64 yes yes - - yes - 
8 20.61 yes - - - yes - 
9 23.29 yes - - - yes - 
10 24.17 yes yes yes yes yes yes 
11 18.93 yes - - - yes - 
12 18.96 yes - - - yes - 
13 18.99 yes yes yes yes yes yes 
14 19.52 yes yes - - yes - 
15 19.44 yes - - - yes - 
16 19.25 yes yes - - yes - 
17 17.64 yes yes yes yes yes yes 
18 16.98 yes yes - - yes - 
19 16.43 yes yes - - yes - 
20 16.17 yes yes - - yes - 
21 16.03 yes - - - yes - 
22 15.91 yes yes - - yes - 
23 15.88 yes yes - - yes yes 
24 15.73 yes - - - yes - 
25 15.49 yes yes yes yes yes yes 
26 14.46 yes - - - yes yes 
27 13.51 yes yes - - yes - 
28 13.28 yes - - - yes - 
29 13.21 yes yes - - yes - 
30 12.89 yes yes - - yes - 
31 12.74 yes yes yes yes yes yes 
32 12.57 yes yes yes yes yes yes 
33 12.14 yes yes - - yes - 
34 12.01 yes yes - - yes - 
35 11.93 yes yes - - yes - 
36 11.41 yes yes - - yes - 
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Table 8.5 Oscilloscope channels and settings of experiment 2. 
 
Oscilloscope Channel Transducer 
Sampling 
Frequency 
(kHz) 
Sample 
Duration 
(msec) 
Pre-
trigger 
Voltage 
 Range (V) 
1 PAC R30 ± 2.5 
2 PAC R15 ± 0.25 
3 piston-D1 ± 0.025 1 
4 piston-D2 
1000 2.5 50% 
± 0.025 
5 PAC R30 ± 20 2 
6 piston-C2 
500 1000 5% ± 0.45 
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Table 8.6 AE events and the signal detection results of each transducer for experiment 2. 
 
 
 
 
 
Detection 
Oscilloscope 1 Oscilloscope 2 AE 
Event 
Load 
(kN) 1 
PAC R30 
2 
PAC R15
3 
piston-D1 
4 
piston-D2 
5 
PAC R30 
6 
piston-C2 
1 15.37 yes - - - - - 
2 16.51 yes - - - - - 
3 17.43 yes - - - - - 
4 17.85 yes yes - - - - 
5 18.37 yes yes yes yes - - 
6 18.86 yes - - - - - 
7 20.56 yes - - - - - 
8 21.11 yes yes yes yes - - 
9 22.81 yes yes yes yes yes yes 
10 19.15 yes yes yes yes - - 
11 19.21 yes yes - - - - 
12 19.19 yes - - - - - 
13 19.19 yes - - - - - 
14 19.19 yes yes - - - - 
15 19.14 yes yes yes yes yes - 
16 19.11 yes yes - - - - 
17 19.10 yes - - - - - 
18 19.10 yes - - - - - 
19 19.10 yes yes yes yes - - 
20 18.79 yes yes yes yes - - 
21 18.64 yes yes yes yes yes yes 
22 18.61 yes yes yes yes - - 
23 18.28 yes yes yes yes yes yes 
24 18.06 yes yes - - - - 
25 18.05 yes - - - - - 
26 17.70 yes yes yes yes yes yes 
27 17.64 yes yes - - - - 
28 11.88 yes yes yes yes yes yes 
  8-32
Table 8.7 Oscilloscope channels and settings of experiment 3. 
 
Oscilloscope Channel Transducer 
Sampling 
Frequency 
(MHz) 
Sample 
Duration 
(msec) 
Pre-
trigger 
Voltage  
Range (V) 
1 PAC R30 ± 1.0 
2 piston-C3 ± 0.025 
3 piston-C1 ± 0.025 1 
4 piston-D1 
1 2.5 5% 
± 0.025 
5 piston-D2 ± 0.025 2 
6 piston-D3 
2 50 5% ± 0.025 
7 PAC R30 ± 10 3 
8 piston-D1 
1 500 5% ± 1 
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Table 8.8 AE events and the signal detection results of each transducer for experiment 3. 
 
Detection 
Oscilloscope 1 Oscilloscope 2 Oscilloscope 3  AE 
Event 
Load 
(kN) 1 
PAC R30
2 
piston-C3 
3 
piston-C1 
4 
piston-D1 
5 
piston-D2 
6 
piston-D3 
7 
PAC R30 
8 
piston-D1 
1 19.39 yes - - - - - yes - 
2 22.09 yes - - - - - yes - 
3 14.33 yes yes yes yes - yes yes yes 
4 13.95 yes - - - - - yes - 
5 9.26 yes yes yes yes - yes yes yes 
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Table 8.9 Oscilloscope channels and settings of experiment 4. 
 
Oscilloscope Channel Transducer 
Sampling 
Frequency 
(MHz) 
Sample 
Duration 
(msec) 
Pre-
trigger 
Voltage  
Range (V)
1 PAC R30 ± 1.0 
2 piston-C3 ± 0.025 
3 piston-C2 ± 0.025 1 
4 piston-C1 
1 2.5 5% 
± 0.025 
5 piston-D3 ± 0.025 2 
6 piston-D2 
2 50 5% ± 0.025 
7 PAC R30 ± 10 3 
8 piston-C1 
1 500 5% ± 2 
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Table 8.10 AE events and the signal detection results of each transducer for experiment 4. 
 
Detection 
Oscilloscope 1 Oscilloscope 2 Oscilloscope 3 AE 
Event 
Load 
(kN) 1 
PAC R30
2 
piston-C3 
3 
piston-C2 
4 
piston-C1 
5 
piston-D3 
6 
piston-D2 
7 
PAC R30 
8 
piston-C1 
1 20.06 yes - - - - - yes - 
2 20.93 yes - - - - - yes yes 
3 21.13 yes yes yes yes yes yes yes yes 
4 21.33 yes yes  yes yes yes yes yes yes 
5 21.41 yes yes yes yes - - yes - 
6 21.54 yes - - - - - yes yes 
7 21.65 yes yes yes yes yes yes yes yes 
8 21.94 yes yes  yes yes - - yes yes 
9 22.14 yes yes yes yes - - yes - 
10 22.25 yes - - - - - yes - 
11 22.33 yes - - yes - - yes yes 
12 22.58 yes yes yes yes yes yes yes - 
13 22.66 yes - - - - - yes yes 
14 22.88 yes yes yes yes - - yes yes 
15 23.34 yes - - - - - yes - 
16 23.39 yes - - - - - yes - 
17 23.48 yes yes yes yes yes yes yes - 
18 15.11 yes - - - - - yes - 
19 14.34 yes - - - - - yes - 
   Table 8.10 continued to the next page. 
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Table 8.10 Continued. 
 
Detection 
Oscilloscope 1 Oscilloscope 2 Oscilloscope 3 AE 
Event 
Load 
(kN) 1 
PAC R30
2 
piston-C3 
3 
piston-C2 
4 
piston-C1 
5 
piston-D3 
6 
piston-D2 
7 
PAC R30 
8 
piston-C1 
20 13.68 yes - - - - - - - 
21 12.30 yes - - - - - yes - 
22 12.29 yes - - - - - yes - 
23 12.14 yes - - - - - yes - 
24 11.64 yes - - - - - yes - 
25 11.46 yes yes yes yes yes yes yes yes 
26 11.18 yes - - - - - - - 
27 11.13 yes - - - - - yes - 
28 10.99 yes - yes - yes yes yes - 
29 10.85 yes - - - - - yes - 
30 10.71 yes - - - - - yes - 
31 10.30 yes yes yes yes yes yes yes yes 
32 9.96 yes - - - - - yes - 
33 2.41 yes yes yes yes yes yes yes yes 
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Table 8.11 Arrival time readings of two AE events for the two threshold sets. 
 
Arrival Time (sec) 
AE Event 3 Channel Transducer 
Threshold set 1 Threshold set 2 
1 PAC R30 -2.00E-06 7.00E-06 
2 piston-C3 3.00E-05 3.00E-05 
3 piston-C2 2.90E-05 2.90E-05 
4 piston-C1 3.10E-05 3.10E-05 
 
 
 
Table 8.12 Wave velocities of two AE events for the two threshold sets. 
 
Wave Velocity (m/sec) 
AE Event 3 Channel 
Threshold set 1 Threshold set 2 
1-2 2000 2780 
1-3 2060 2910 
1-4 1940 2670 
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Figure 8.1  Dimensions of a welded steel beam specimen: (a) front view; (b) top view; 
(c) end view. 
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Figure 8.2 Photograph of the loading configuration. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3 Dimensions of the loading configuration. 
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Figure 8.4 Preparation of the 5 welded steel beam specimens. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5 Notch detail in a welded steel beam specimen. 
A A
B
B
SECTION B-B
30.5 cm
5.4 cm
Saw cut (typ.)
SECTION A-A
2.5 cm
20o
82.8 cm
2.5 cm
Backing bar
1.9 cm
0.3 cm
0.3 cm
5.4 cm
1.6 cm
Notch area detail
5.4 cm
2.5 cm
  8-41
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.6 Photograph of the three-point bending set-up used to create the fatigue crack. 
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Figure 8.7 Photograph of the data acquisition hardware and loading machine. 
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Figure 8.8 Close-up photograph of midspan region of the four-point bending set-up. 
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Figure 8.9 Locations of the AE transducers on a beam specimen. 
 
 
 
 
Figure 8.10 Top view of the MEMS transducers with the top of aluminum housing 
removed and the PAC R30 transducer with magnetic mount removed. 
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(a) 
 
(b) 
Figure 8.11 Admittance measurement of commercial AE transducers: (a) PAC R30; (b) 
PAC R15. 
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Figure 8.12 Block diagram of experiment 1. 
 
 
Figure 8.13 The time of occurrence of AE events through the duration of experiment 1 
detected by the PAC R30 transducer. 
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Figure 8.14 Load-displacement plot and occurrence of AE events detected by the PAC 
R30 transducer for experiment 1. 
 
Figure 8.15 Load-crack opening plot and occurrence of AE events detected by the PAC 
R30 transducer for experiment 1. 
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Figure 8.16 Maximum signal amplitudes of the AE transducers for experiment 1. 
 
Figure 8.17 Load-displacement plot and normalized cumulative AE counts of the AE 
transducers connected to oscilloscope 1 for the threshold set as 6 mV, 9 mV, 100 mV and 
10 mV for the piston-D1, piston-D2, PAC R30 and PAC R15 transducers, respectively, 
for experiment 1. 
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Figure 8.18 Output signals of the AE transducers recorded by oscilloscope 1 from event 
10 (load=24.2 kN) for experiment 1: (a) PAC R30; (b) PAC R15; (c) piston-C2; (d) 
piston-C1. 
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Figure 8.19 Output signals of the AE transducers recorded by oscilloscope 1 from event 
17 (load=17.6 kN) for experiment 1: (a) PAC R30; (b) PAC R15; (c) piston-C2; (d) 
piston-C1. 
 
Figure 8.20 Frequency amplitude spectra of the MEMS transducers recorded by 
oscilloscope 1 from event 17 (load=17.6 kN) for experiment 1: (a) piston-C2; (b) piston-
C1. 
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Figure 8.21 Output signals of the AE transducers recorded by oscilloscope 2 from event 
10 (load=24.2 kN) for experiment 1: (a) PAC R30; (b) piston-C2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.22 Output signals of piston-C2 recorded by oscilloscopes 1 and 2 from event 17 
(load=17.6 kN) for experiment 1. 
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Figure 8.23 Frequency amplitude spectrum of piston-C2 recorded by oscilloscope 2 from 
event 17 (load=17.6 kN) for experiment 1. 
 
Figure 8.24 Output signal and frequency amplitude spectrum of piston-C2 recorded by 
oscilloscope 2 from event 36 (load=11.4 kN) for experiment 1. 
  8-53
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.25 Block diagram of experiment 2. 
 
 
Figure 8.26 The time of occurrence of AE events through the duration of experiment 2 
detected by the PAC R30 transducer. 
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Figure 8.27 Load-displacement plot and occurrence of AE events detected by the PAC 
R30 transducer for experiment 2. 
 
Figure 8.28 Load-crack opening plot and occurrence of AE events detected by the PAC 
R30 transducer for experiment 2. 
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Figure 8.29 Maximum signal amplitudes of the AE transducers connected to oscilloscope 
1 for experiment 2. 
 
 
 
 
Figure 8.30 Maximum signal amplitudes of the AE transducers connected to oscilloscope 
2 for experiment 2. 
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Figure 8.31 Load-displacement plot and normalized cumulative AE counts of the AE 
transducers connected to oscilloscope 1 for the threshold set as 6 mV, 6 mV, 100 mV, 
and 10 mV for the piston-D1, piston-D2, PAC R30, and PAC R15 transducers, 
respectively, for experiment 2. 
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Figure 8.32 Output signals of the AE transducers recorded by oscilloscope 1 from event 
5 (load=18.4 kN) for experiment 2: (a) PAC R30; (b) PAC R15; (c) piston-D1; (d) 
piston-D2. 
 
Figure 8.33 Output signals of the AE transducers recorded by oscilloscope 1 from event 
8 (load=21.1 kN) for experiment 2: (a) PAC R30; (b) PAC R15; (c) piston-D1; (d) 
piston-D2. 
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Figure 8.34 Frequency amplitude spectra of the MEMS transducers recorded by 
oscilloscope 1 from event 5 (load=18.4 kN) for experiment 2: (a) piston-D1; (b) piston-
D2. 
 
Figure 8.35 Output signals of the AE transducers recorded by oscilloscope 2 from event 
9 (load=22.8 kN) for experiment 2: (a) PAC R30; (b) piston-C2. 
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Figure 8.36 Output signals of the AE transducers recorded by oscilloscope 2 from event 
23 (load=18.3 kN) for experiment 2: (a) PAC R30; (b) piston-C2. 
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Figure 8.37 Output signals of the PAC R30 transducer recorded by oscilloscopes 1 and 2 
from event 23 (load=18.3 kN) for experiment 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.38 Output signals of piston-D1 connected to oscilloscope 1 and piston-C2 
recorded by oscilloscope 2 from event 23 (load=18.3 kN) for experiment 2. 
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Figure 8.39 Block diagram of experiment 3. 
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Figure 8.40 Load-displacement plot and occurrence of AE events detected by the PAC 
R30 transducer for experiment 3. 
 
 
Figure 8.41 Load-crack opening plot and occurrence of AE events detected by the PAC 
R30 transducer for experiment 3. 
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Figure 8.42 Output signal and frequency amplitude spectrum of piston-D1 recorded by 
oscilloscope 3 from event 5 (load=9.26 kN) for experiment 3. 
 
 
Figure 8.43 Output signal and frequency amplitude spectrum of piston-D1 recorded by 
oscilloscope 3 from event 5 (load=9.26 kN) after 150 kHz high-pass filtering for 
experiment 3. 
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Figure 8.44 Output signals of piston-D1 recorded by oscilloscopes 1 and 3 from event 5 
(load=9.26 kN) for experiment 3. 
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Figure 8.45 Block diagram of experiment 4. 
 
 
 
Figure 8.46 The time of occurrence of AE events through the duration of experiment 4 
detected by the PAC R30 transducer. 
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Figure 8.47 Load-displacement plot and occurrence of AE events detected by the PAC 
R30 transducer for experiment 4. 
 
 
Figure 8.48 Load-crack opening plot and occurrence of AE events detected by the PAC 
R30 transducer for experiment 4. 
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Figure 8.49 Load-displacement plot and occurrence of AE events detected by the MEMS 
transducers for experiment 4. 
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Figure 8.50 Maximum signal amplitudes of the AE transducers connected to 
oscilloscopes 1 and 2 for experiment 4. 
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Figure 8.51 Load-displacement plot and normalized cumulative AE counts of the AE 
transducers connected to oscilloscopes 1 and 2 for threshold levels 5.5 mV, and 280 mV 
for the MEMS transducers and the PAC R30 transducer, respectively, for experiment 4. 
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Figure 8.52 Output signal and frequency amplitude spectrum of piston-C1 recorded by 
oscilloscope 3 from event 33 (load=2.41 kN) for experiment 4. 
 
Figure 8.53 Output signal and frequency amplitude spectrum of piston-C1 recorded by 
oscilloscope 3 from event 33 (load=2.41 kN) after 80 kHz high-pass filtering for 
experiment 4. 
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Figure 8.54 Output signals of the MEMS transducers from event 3 (load=21.1 kN). 
 
Figure 8.55 Output signals of the MEMS transducers from event 3 (load=21.1 kN) after 
50 kHz high-pass filtering. 
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Figure 8.56 Frequency amplitude spectra of the MEMS transducers after 50 kHz high-
pass filtering from event 3 (load=21.1 kN). 
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Figure 8.57 Output signals of the MEMS transducers from event 12 (load=22.6 kN). 
 
 
Figure 8.58 Frequency amplitude spectra of the MEMS transducers after 50 kHz high-
pass filtering from event 12 (load=22.6 kN). 
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Figure 8.59 Output signals of the MEMS transducers from event 31 (load=10.3 kN). 
 
 
Figure 8.60 Frequency amplitude spectra of the MEMS transducers after 50 kHz high-
pass filtering from event 31 (load=10.3 kN). 
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Figure 8.61 The cross correlation algorithm for the MEMS device. 
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Figure 8.62 Arrival time readings of event 3 (load=21.1 kN) for threshold set 1: (a) PAC 
R30; (b) piston-C3; (c) piston-C2; (d) piston-C1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.63 Locations of the MEMS transducers and the PAC R30 transducer relative to 
the crack. 
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Figure 8.64 Arrival time readings of event 3 (load=21.1 kN) for threshold set 2: (a) PAC 
R30; (b) piston-C3; (c) piston-C2; (d) piston-C1. 
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Figure 8.65 Acoustic radiation pattern for a finite crack: (a) normal tear; (b) transverse 
shear; (c) longitudinal shear [73]. 
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Figure 8.66 Arrival time readings of event 8 (load=21.9 kN) for threshold set 2: (a) PAC 
R30; (b) piston-C3; (c) piston-C2; (d) piston-C1. 
 
 
Figure 8.67 Wave velocity results using the dynamic threshold method. 
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Figure 8.68 Signal energy envelopes from event 3 (load=21.1 kN): (a) PAC R30; (b) 
piston-C3; (c) piston-C2; (d) piston-C1. 
 
Figure 8.69 AIC coefficients from event 3 (load=21.1 kN): (a) PAC R30; (b) piston-C3; 
(c) piston-C2; (d) piston-C1. 
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Figure 8.70 Wave velocity results using the AIC method. 
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CHAPTER 9 
 
SUMMARY, CONCLUSIONS AND FUTURE WORK 
 
9.1. SUMMARY 
This research focused on the development and evaluation of capacitive MEMS 
transducers for AE testing. The MEMS transducers were manufactured using the 
commercial three-layer polysilicon surface micromachining process (MUMPs). In this 
research, two generations (G1 and G2) of MEMS transducers were developed each on a 1 
cm x 1 cm device. Each device consists of multiple resonant capacitive MEMS 
transducers. 
 
Chapter 2 reviews literature pertinent to the subject of this research, including AE testing, 
AE transducers, the surface micromachining method, MUMPs, and previous research on 
capacitive MEMS transducers for ultrasonic testing.  
 
Chapter 3 discusses the design, modeling and analyses of the G1 transducers. The design 
objectives of the G1 transducers are discussed. Two mechanical configurations of the 
transducer designs, referred to as diaphragm and piston, are described. Then, analytical 
models of the G1 transducers are presented, and the static and dynamic characteristics of 
the transducers are computed.  
 
Chapter 4 presents the experimental characterization of the G1 transducers, and compares 
the experimental and analytical results. The characterization experiments are performed 
to understand the behavior of the MEMS transducers before using them in an AE 
application. The G1 transducers are tested under electrical and mechanical input 
(simulated acoustic emission). The G1 transducers were found to work properly in a 
vacuum housing, but had insufficient sensitivity for AE testing when operated in 
atmospheric pressure. 
 
Chapter 5 discusses several waveform analyses methods using the output signals of the 
G1 transducers subjected to two different AE simulation methods: steel ball impact and 
pencil lead break. The waveform analyses employed are: (1) frequency analyses; (2) hit-
based analyses; and (3) time-frequency analyses. The potential capabilities of the MEMS 
transducers for AE source localization are discussed. 
  
Chapter 6 presents the design, modeling and analyses of the G2 transducers. The design 
objectives of the G2 transducers were developed based upon the G1 transducer results. A 
new transducer design, referred to as a hybrid transducer, is introduced. Then, the static 
and dynamic characteristics of the G2 transducers are analytically computed. 
 
Chapter 7 presents the experimental characterization of the G2 transducers and compares 
the experimental and analytical results. Improvements on the performance of the G2 
transducers are presented by comparing the experimental values of the G2 transducers 
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with the G1 transducers. The G2 transducers are tested under electrical and mechanical 
input. The G2 transducers were found to work properly in atmospheric pressure. 
 
Chapter 8 discusses the implementation of the G2 transducers for the detection of real 
acoustic emissions. Four welded steel beam specimens are tested under four-point 
bending. Each beam specimen includes a pre-existing crack which propagates under the 
applied load, causing the release of acoustic emission. The viability of the MEMS 
transducers for the evaluation of real AE sources is discussed. 
 
9.2. CONCLUSIONS 
This research had two objectives: 
 
1. To develop capacitive MEMS transducers for AE testing of materials and structures. 
2. To develop new approaches AE source localization and source characterization taking 
advantage of the unique characteristics of these transducers.  
 
The conclusions of this research are presented in terms of the research objectives: (1) 
those related to the development of the MEMS transducers, (2) those related to the 
further development of AE testing using the MEMS transducers. 
  
9.2.1. Conclusions on the Development of the MEMS transducers  
The conclusions presented in this section are associated with the first objective of this 
research, namely to develop capacitive MEMS transducers for AE testing of materials 
and structures. 
 
1. The MEMS transducers developed in this research successfully detected real acoustic 
emissions caused by damage in test structures, as well as simulated acoustic 
emissions in simple test structures. 
2. Assuming that the averaged maximum amplitude ratios of the transducers are the 
same as the relative sensitivities, the PAC R30 transducer is approximately 52 times 
more sensitive than the MEMS transducers for the test condition used in this study. 
3. The capacitance measurements showed that the G1 and G2 transducers exhibited their 
expected behavior under electrostatic loading, giving way to a parabolic relationship 
between capacitance C and bias voltage Vbias. 
4. The admittance measurements in atmospheric pressure showed that the G1 
transducers are highly influenced by squeeze film damping. Therefore, the G1 
transducers need to be operated in a coarse vacuum in order to function with 
sufficient sensitivity to detect acoustic emissions. 
5. The squeeze film damping was reduced by placing the etch holes with 13 µm spacing 
in the G2 transducers as compared to 30 µm spacing in the G1 transducers so that 
they function in atmospheric pressure with sufficient sensitivity to detect acoustic 
emissions. 
6. The admittance measurements in vacuum showed that the diaphragm transducers 
exhibit one resonant frequency while the piston transducers exhibit two resonant 
frequencies. The resonant frequency in the diaphragm transducer is attributed to a 
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translational mode, the resonant frequencies in the piston transducers are attributed to 
rotational and translational modes. 
7. The resonant frequencies of the G1 and G2 transducers obtained by mechanical input 
(simulated acoustic emission), electrical input (admittance measurement), and 
analytical methods are in good agreement. 
8. The difference between the experimental and analytical capacitance (Co) and 
capacitance change with bias voltage (C1) values of the G1 and G2 transducers is less 
than a factor of 2.0.  
9. The idealized systems and simple analytical models of the MEMS transducers are 
sufficiently accurate for the design.  
10. The ability of wavelet transform to separate the arrival times of different frequencies 
show that the two resonant frequencies of the piston transducers have separate 
velocities. This indicates that the medium is dispersive. 
11. The case of keeping Ls1 constant and changing Ls2 enables lower translational 
stiffness for a spring of a piston unit with smaller spring element dimensions than the 
case of keeping Ls2 constant and changing Ls1. 
12. Modifying the etch hole spacing is a more effective way to control the Q factor than 
modifying the etch hole size. 
 
9.2.2. Conclusions on the Further Development of AE Testing using the MEMS 
Transducers 
The conclusions presented in this section are associated with the second objective of this 
research, namely to develop new approaches for AE source localization and source 
characterization taking advantage of the unique characteristics of the MEMS transducers. 
 
1. As compared to other currently available approaches, the greater density of transducer 
placement that is provided with MEMS transducers permits redundant measurement 
at a point.  
2. Redundant measurement at a point provided by the MEMS transducers increased the 
accuracy of AE evaluation and the estimate of arrival time, therefore the estimate of 
wave velocity. 
3. The comparison of output signals of different resonant MEMS transducers identified 
the frequency content of the input signal. 
4. Using the arrival time difference t∆  and velocities of the two resonant frequencies of 
a piston transducer V1 and V2 (known sufficiently accurately) a potential circle for an 
AE source location with the radius of 
1
21
11
−



 −∆=
VV
tr  is obtained from a single 
transducer in a dispersive medium. 
5. An algorithm that applied the cross correlation method to the output signals of the 
MEMS transducers successfully distinguished noise signals from the AE signals. 
 
9.3. FUTURE WORK 
Potential future work related to this research can be divided into three categories: (1) 
basic research on the MEMS transducers to further understand their operation and 
performance; (2) research related to the application of the MEMS transducers in field 
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testing; and (3) research related to broadening the application area of the MEMS 
transducers. 
 
9.3.1. Basic Research on the MEMS Transducers  
The piston transducers have two resonant frequencies which are assumed to be in the 
rotational and translational modes. The identification of mode shape of a frequency other 
than the translational frequency is complicated. Studies are required to enhance the 
analytical modeling of their rotational frequency. The present study considered a piston 
unit for the system idealization. The effects of piston units on each other due to electrical 
connecting links need to be investigated.  
 
In the simulated and real acoustic emission source experiments, low frequencies (lower 
than 100 kHz) were observed in the output signals of the MEMS transducers. The source 
of low frequencies was attributed to experimental artifacts. The admittance values of the 
MEMS transducers should be measured for low frequencies to understand whether the 
low frequencies observed in most of the simulated and real AE experiments are from the 
responses of the MEMS transducers or from an artifact in the electronics of the test set-
up.  
 
The difference between experimental and analytical values of the electromechanical 
parameters of the MEMS transducers is less than a factor of 2.0. The difference is 
attributed to the differences between the intended design dimensions and actual 
dimensions, the assumptions made in the system idealizations, and the experimental 
error. Further quantification to understand the contribution of each factor requires 
determining the actual dimensions of the transducers (horizontal and vertical) by 
profilometer measurements.  
 
The Q factor of the G2 transducers was increased by placing etch holes with 13 µm 
center-to-center etch hole spacing. However, it is not known whether there is a limit to 
increase the Q factor further by placing more closely spaced etch holes or not. Research 
is needed to understand and quantify the effect of etch hole spacing on the Q factor. This 
can be investigated experimentally further by designing and manufacturing other MEMS 
transducers with different etch hole spacings. 
 
9.3.2. Research Related to the Application of the MEMS Transducers in Field 
Testing  
Research is needed to reduce the size of the electronics used with the MEMS transducers. 
For example, improved packaging, circuit layout and housing can permit the MEMS 
device to be placed with a smaller footprint than the one used in this study. Then, the 
MEMS transducers should be employed in field testing for nondestructive evaluation and 
real-time monitoring of an existing structure. The new approaches proposed to evaluate 
AE testing using the MEMS transducers need to be verified in field testing.  
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9.3.3. Research Related to Broadening the Application Area of the MEMS 
Transducers 
In the current study, the MEMS transducers were employed in the testing of welded steel 
beam specimens, which released a broadband frequency source-time function. For further 
laboratory studies, the MEMS transducers should be employed on other materials and 
structures which may release different frequency source-time functions (e.g., fiber 
reinforced polymer composites).  
 
The compatibility of the surface micromachining process with on-chip electronics can be 
implemented on the MEMS device for possible embedment applications and continuous 
monitoring.  
 
The coordination between multiple MEMS transducers is another research area for 
further enhancing the evaluation of AE testing using advanced signal processing 
techniques (e.g., neural networks). 
 
Finally, research should be performed to evaluate the feasibility of combining multiple 
MEMS transducers with different resonant frequencies on a single oscilloscope channel. 
The objective would be to effectively create a single transducer with multiple resonant 
frequencies over a large frequency range. The G2 device would likely be suitable to  
evaluate the feasibility of this idea.  In practical field applications, this could prove to be 
a significant advantage over the use of several independent channels that span the same 
set of frequencies. If tests with the G2 device show that this idea is viable, then a 
subsequent generation of transducer may be designed as a "compound transducer"  
using this particular design objective (multiple resonant frequencies on a single 
transducer). 
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